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Abstract 
Effect of the Spatial Variability of Ground Motions on the Seismic Response of Reinforced 
Concrete Highway Bridges 
Lei Lou 




The effect of spatially variable ground motions on the seismic response of two reinforced 
concrete highway bridges, a two-span straight and a three-span skewed bridge, is examined in 
this study. Finite element models of the two bridges were created for dynamic time history 
analyses. The linear models were developed using ANSYS and the nonlinear models using 
DRAIN-3DX and OPENSEES. Three sets of ground motion time histories at different local soil 
conditions are selected for each bridge. For each set of time histories, three different types of 
excitations are considered: The first utilizes spatially variable ground motions (the SV case 
scenario) incorporating the effects of wave passage, loss of coherency and local soil conditions 
as input motions at the bridges’ supports. The time history with the largest peak displacement 
(the WORST case scenario) and the one with the smallest peak displacement (the BEST case 
scenario) from the spatially variable ones are selected as identical input ground motions at all 
bridge supports. Parametric studies are conducted for the initial gap sizes of the nonlinear models 
of the two bridges. Detailed information about the seismic response of the two bridges is 
presented. DRAIN-3DX and OPENSEES produced the same trend for the seismic response of 
the two bridge models; however, some of the resulting response quantities can differ significantly. 
The damage behavior of the pier columns of each bridge is also investigated. The comparative 
analysis of the bridge models shows that the uniform ground motion input with the largest peak 
displacement (the WORST case scenario) cannot always provide conservative seismic demand 
for the bridge structures, and in many cases, it predicts lower response than that induced by 
spatially variable motions. The present results indicate that there is still difficulty in establishing a 
criterion to define identical input motions that would produce a comparable effect on the seismic 
response of bridge models as that of spatially variable ones. Therefore, spatially variable input 
motions need to be applied as excitations at the bridge supports for their seismic design and 
retrofit. 
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Chapter 1. Introduction 
 
1.1 Motivation and scope 
Uniform ground motion excitation is typically assumed in practice while performing seismic 
response analysis of structures. In fact, ground motions may vary at the different supports of the 
structures, especially, for long extended structures, such as bridges and pipelines. The causes for 
the spatial variation of ground motion mainly include (Der Kiureghian and Neuenhofer, 1992, 
Zerva, 1994; Harichandran, 1999; Deodatis et al., 2000):  
(1). wave passage effect, i.e., the differences in the arrival time of seismic waves at various 
locations;  
(2). incoherence effect, i.e., the differences in the shape of the seismic waves at various locations;  
(3). local site effect, i.e., the differences in the local soil conditions at various locations, which 
affect the amplitude and frequency content of the seismic waves. 
Many researchers have investigated this phenomenon and its effect on the dynamic response of 
structures since the mid 1960’s (e.g. Bogdanoff et al., 1965; Abdel-Ghaffar and Rubin, 1982; 
Harichandran and Wang, 1988; Zerva, 1990; Hao, 1993; Deodatis et al. 2000, Lou and Zerva, 
2005). Though the influence of spatially variable ground motions has been extensively 
investigated in the last few years (especially since provisions for its incorporation in design have 
been suggested by EUROCODE8), the studies are yet incomplete.  
In this study, advanced linear and nonlinear three dimensional finite element models are created 
for two reinforced concrete (RC) highway bridges and their detailed seismic response under both 
spatially variable and identical ground motions is examined and compared so that insight 
regarding the effect of spatial variable inputs on the seismic behavior of bridge structures can be 
obtained. The results can be viewed as a further effort for the possible incorporation of the effect 
of the spatial variability of earthquake ground motions in seismic design criteria of highway 
bridges and the extension of the current database on this effect on spatially extended structures. 
 
1.2 Thesis organization 
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This thesis contains 8 Chapters: Chapter 1, this chapter, provides a brief introduction for the 
study. In Chapter 2, the relevant research work conducted previously is reviewed and includes 
the influence of spatially variable ground motions on the seismic response of bridges, finite 
element modeling and analysis of reinforced concrete structures, and software packages 
available for the seismic analysis of structures. Chapter 3 provides a brief description of the two 
selected highway bridges. In Chapter 4, the linear and nonlinear finite element models for the two 
bridges described in Chapter 3 are introduced.  Chapters 5 and 6 present the detailed linear and 
nonlinear seismic behavior of the bridges subject to several ground motion scenarios under both 
spatially varying and uniform inputs. In Chapter 7, the seismic response of the bridges under 
various earthquake ground motion input scenarios is compared and discussed. Finally, Chapter 8 
contains the concluding remarks and the suggestions for future research studies. 
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Chapter 2. Literature Review 
 
2.1 Spatial variability of ground motions and its effect on the seismic response of 
structures 
As stated in Chapter 1, the effect of spatial variability of seismic ground motions on the response 
of bridges has been studied since 1960's. In early stage, most of the studies investigated only the 
wave passage effect on the response of structural systems simulated using relatively simple finite 
element models. (e.g. Bogdanoff et al., 1965; Masri, 1976; Werner et al., 1977).  
Albdel-Ghaffar and Rubin (1982 and 1983) examined the seismic response of suspension bridges 
under multisupport excitations using a random vibration approach. The input ground motions 
used in the analysis were data recorded at the Imperial Valley Differential array during the 
Imperial Valley earthquake. They found that the response induced by multiple support excitations 
can be significantly different than that produced by uniform ground motion, and thus, identical 
ground motion is not a good assumption for these long-span structures.  
Zerva et al. (1985) developed an analytical model to determine the differential ground motions in 
earthquakes, which was used later to generate the input motions for the seismic response of 
pipelines and long beams. The model was verified by comparison with the empirical data of an 
actual earthquake recorded at the SMART-1 array. The seismic analysis results for pipelines and 
long beams showed that the spatial variation effect should be taken into consideration when 
evaluating the seismic safety of long structures. Later, Zerva (1988) studied the effect of 
differential ground motion on long span structures and showed that this effect is not significant for 
simply supported single span beams while for multiply supported continuous pipelines, partially 
correlated ground motions may yield higher seismic demand than fully correlated ones. 
Harichandran and Wang (1988) investigated the effect of the spatial variation of ground motions 
on the response of a one-span simple beam using a random vibration approach. The ground 
motion model used in their study is based on the data of the SMART-1 array. It is shown that the 
identical (fully correlated and in-phase) ground motions result in overly conservative results and 
the ground motions considering only the wave-passage effect over-predicted some response 
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while under-predicted others. Later, Harichandran and Wang (1990) analyzed the stochastic 
responses of a two-span continuous beam to spatially varying support excitations through a linear 
random vibration approach.  It was indicated that the effect of the spatial variation of ground 
motions on the seismic response can be significant even for moderate span lengths. 
Zerva (1990) examined the dynamic response of two- and three-span beams to spatially 
incoherent ground motions using random vibrations. It was observed that fully correlated motions 
may predict either higher or lower response for the structures than partially correlated motions, 
which depends on the properties of the structural systems and the seismic demand under 
evaluation. Zerva (1991) evaluated the seismic response of lifelines subjected to partially and 
fully correlated excitations. The results showed that fully correlated ground motions are not a 
conservative assumption for the seismic analysis of lifeline systems. Zerva (1992) compared the 
seismic response of pipelines under spatially varying ground motions generated using two 
different spatial variability models proposed by Harichandran and Vanmarcke (1986) and by Luco 
and Wong (1986). These two models can yield very different results for the seismic demand of 
lifelines. Zerva (1993) analyzed the seismic response of pipelines subjected to spatially and 
directionally correlated input motions using random vibrations. The results led to the conclusion 
that the response of pipelines is sensitive to their axis orientation relative to the directions of the 
recorded seismic motions and also to the degree of exponential decay of the spatial variability. 
Zerva (1994) examined the effect of the spatial incoherence and apparent propagation of the 
seismic ground motions on the response of lifelines subjected to ground motions generated from 
widely used spatial variability models. It was concluded that the apparent propagation of the 
ground motions affects the lifeline response considerably at low propagation velocities and the 
spatial incoherence may introduce significant quasi-static internal forces in these structures. 
Abdel-Ghaffer and Nazmy (Abdel-Ghaffer and Nazmy, 1991; Nazmy and Abdel-Ghaffer, 1992) 
studied the seismic response of different models of modern cable-stayed bridges to both spatially 
varying and uniform excitations with input motions established using existing strong motion 
records. They reached the conclusions that spatially varying ground motions may produce much 
more severe response than uniform ones. The differences in the response depend on the 
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structural properties, such as span length and structural redundancy, of the bridges under 
examination. 
 Harichandran et al. (1996) compared the seismic response of long-span bridges to both spatially 
variable ground motions and uniform ones. They found that uniform excitations are generally 
unacceptable for long-span bridges, and that the incoherence effect should be considered for the 
seismic response evaluation of these structures. 
Monti et al. (1996) analyzed the nonlinear seismic response of multiple-span bridges subjected to 
spatially variable excitations in a Monte Carlo simulation framework. The results showed that the 
spatially variable ground motions may reduce the seismic demand in the central piers, but 
increase the seismic demand for piers close to abutments. 
Der Kiureghian and Keshishian (1997) investigated the effect of spatially variable ground motions 
on the seismic response of bridges. Seismic ground motions were generated using the coherency 
model developed by Der Kiureghian (1996) that considers wave-passage, incoherency, and local 
soil effects. They concluded that: the spatially ground motions can either increase or decrease 
the bridge response significantly. 
Price and Eberhard (1998) conducted parametric studies to examine the effect of wave passage 
and incoherence on the response of idealized two-span prismatic beam bridge models with 
various span lengths and periods for parametric studies. The support reactions were calculated 
and compared. The results showed that the response of short bridges can be significantly 
influenced by the effect of multiple support excitations.  
Mylonakis et al (1999) calculated the seismic response of a curved multi-span bridge (SR14/I5) 
subjected to spatially variable ground motions using both linear and nonlinear analysis. They 
found that differential excitations may have significant influence on the seismic demand of the 
bridge. 
Tzanetos et al (2000) analyzed the inelastic response of bridges to non-synchronous earthquake 
excitation. Both artificial and natural ground motions were considered in their study to account for 
the incoherence and traveling wave effects. They found that synchronous input motions can be 
conservative for vertical response, however, unconservative for the response in other directions. 
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Saxena et al. (2000), conducted nonlinear dynamic response evaluations of two multi-span 
bridges subjected to spatially variable ground motions. Two types of differential ground motions 
were used, i.e., all structural supports on same local soil conditions and different structural 
supports on different local soil conditions. The ground motions are generated using a variation of 
the spectral representation method (Deodatis 1996). It was concluded that the assumption of 
identical ground motions yields generally unconservative results. Later, Deodatis et al. (2000), 
Saxena et al. (2000), and Kim and Feng (2003) studied the effect of spatially variability of ground 
motion on the seismic response of bridges by way of fragility curves. It was shown that these 
bridges were much more vulnerable to spatially variable ground motions than identical ones. 
Ettouney et al. (2001) investigated the seismic response of two long-span bridges to nonuniform 
ground motions in the frequency domain. They observed that a large redistribution of the bridge 
response may result from nonuniform seismic excitations. 
Lou et al. (2002) studied the seismic response of two multi-span bridge models to both multiple 
support excitations and identical ones. It was indicated that the assumption of uniform excitation 
cannot always yield conservative results for the seismic demand for the bridges.  
Zanardo et al. (2002) analyzed the nonlinear dynamic response of simply supported multi-span 
bridges under uniform and spatially varying ground motion excitations. Their results showed that 
the spatially variable excitations can result in substantially larger seismic demand than uniform 
ones.  
Sextos et al. (2003) and Sextos, (2003) examined the inelastic dynamic response of multi-span 
RC bridges accounting for the spatial variability of ground motions. It was concluded that the 
seismic response of the bridges is strongly affected by the structural properties of the systems 
and also the characteristics of input ground motions. Later, Sextos et al. (2004) analyzed the 
seismic response of a twelve-span, curved bridge model subjected to spatially variable ground 
motions. They found that the multiple support motions may be beneficial in terms of seismic 
displacement demand while detrimental in terms of seismic force demand for the bridge. 
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Lin et al. (2004) examined the effect of spatially variable ground motions on the seismic response 
of long-span bridges using the random vibration approach. Their results showed that the wave 
passage effect cannot be neglected when evaluating the seismic safety of these bridges. 
Lou and Zerva (2005a, 2005b) investigated the seismic response of a skewed highway bridge 
under both spatially variable and identical ground motions using both linear and nonlinear time 
history analyses. They concluded that identical ground motions may predict much lower seismic 
demand on the bridge than spatially variable ones.  
Lupoi et al (2005) studied the effects of spatially variable ground motions on the nonlinear seismic 
response of multi-span bridge structures. It was observed that spatially variable ground motions, 
in general, affect considerably the seismic response of bridges, and, especially, they may induce 
higher ductility demand at the base of the piers.  
Chouw and Hao (2005) examined the effect of both soil-structure interaction and nonunform 
ground motions with different apparent propagation velocities on the pounding response between 
bridge girders. The pounding behavior was addressed by using a combined finite element and 
boundary element approach. Their study revealed that both factors should be taken into 
consideration in evaluating the seismic pounding response of bridge girders. 
Ates et al. (2005) investigated the effect of spatially varying ground motions on the stochastic 
response of seismically isolated bridges. Their results indicated that the seismic behaviour of 
isolated bridges was similar to that of non-isolated ones, and that the response of isolated bridges 
was about one fourth of that of non-isolated bridges. 
 
2.2 Seismic response analysis of reinforced concrete highway bridges 
The response of bridges subjected to earthquake excitations can be calculated using either linear 
or nonlinear analysis (Priestley et al. 1996). In reality, the bridge response is nonlinear. Generally, 
a bridge-foundation-soil system may include the following types of nonlinearities:  
(1) material nonlinearity, e.g., concrete, steel, and soil can all behave nonlinearly;  
(2) geometrical nonlinearity, e.g., the nonlinear behavior in the main cable and the hangers of 
suspension bridges;  
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(3) boundary nonlinearity, e.g., gaps between the ends of bridge deck and the abutments.  
The objective of the study and the properties of the structural systems determine the method to 
be used in the analysis.  Linear analysis is sometimes sufficient for capturing the response of the 
bridge systems, which is valid for small seismic excitations, and also widely used for its simplicity. 
In recent studies, however, nonlinear analysis has attracted significant attention for the 
investigation of the seismic response and damage behavior of bridge systems.  
The reasons for using nonlinear dynamic analysis include:   
(1) the nonlinear analysis can produce results which are much more realistic, and thus, more 
reliable than those obtained from the linear analysis under strong seismic ground motions 
(CALTRANS, 2001);  
 (2) nonlinear analyses conform to the current design philosophy of highway bridges, which 
permits inelastic deformation and damage, to some degree, in the ductile components of the 
bridge to dissipate earthquake energy, so that very costly elastic design can be avoided 
(CALTRANS, 2001);  
(3) more reliable nonlinear analysis tools incorporating the up-to-date nonlinear finite element 
theory are available (Prakash et al., 1992; Prakash et al., 1994; Powell, and Campbell, 1994; 
Mazzoni et. al. 2005; Prévost, 2002; Elnashai et al., 1989; Taylor, 2002; Imbsen and Penzien, 
1986; Zhang et al., 1999), and also the computer speed is now much faster than before, which 
reduces the computation cost of the nonlinear seismic response analysis of highway bridge 
structures to an acceptable range. 
This study will concentrate on the nonlinear seismic analysis of RC highway bridges. The main 
nonlinearities to be considered are material and boundary nonlinearity. Typically, the nonlinear 
finite element modeling and the nonlinear seismic response evaluation of the reinforced concrete 
bridge structures are not trivial. Difficulties arise from many aspects including:  
(1) the determination of the properties of the bridge components, i.e., the reinforced concrete 
members are made of reinforcing steel and concrete, which have very different material 
properties, and the microscopic interaction of the reinforcing steel bars and concrete is very 
difficult to simulate (Valles et al., 1996);  
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(2) the simulation of the seismic behavior of the bridge bent columns under multidirectional 
excitation is very difficult, especially, when the moment-axial-shear interaction needs to be taken 
into account (Petrangeli et al., 1999; Saadeghvaziri, 1997);  
(3) the real interaction among the structural components is very complex and cannot be easily 
captured from scaled model test (Saadeghvaziri, 1997), especially for bridges with irregular 
geometry;  
(4) the algorithms used in nonlinear analysis are much more complex than those used in linear 
analysis (Bathe, 1996); 
(5) many factors, such as the convergence criterion of the nonlinear analysis and the choice of 
the type of nonlinear elements used to simulate the nonlinear components, influence the results 
and  the reliability of nonlinear analysis which is not easy to verify, as is the case in linear analysis 
(Bathe, 1996). 
To model the RC components of highway bridges, there types of analytical models are available 
to describe their nonlinear inelastic behavior. They include:  
(1) macro-element model 
For this model, the inelastic behavior is described by employing force-deformation rules, which 
are based on the results of experimental tests, so as to simulate the behavior of the whole 
member. It is noted that no constitutive model is needed in the process. (Valles et. al. 1996).  
(2) fiber element model 
For this model, the structures are described by an assembly of interconnected beam elements 
which describe the hysteric behavior of the structural components. The constitutive material 
model is taken into consideration at either the element level or at the section level. The 
deformable part of the structural members may be divided into many segments. The structural 
behavior of each member is described using the slice of each segment. Each cross section of the 
segment can be divided into many fibers, which employ nonlinear stress-strain relationships for 
different materials, such as reinforcing steel, confined concrete, and unconfined concrete, etc 




Figure 2.1 Fiber element model of a bridge column 
 
(3) micro-element model 
For this model, structural members are usually divided into a number of small finite elements. 
Constitutive material model and geometric nonlinearity are considered for each small element at 
the stress-strain level (Taucer et al., 1991). 
Generally, the macro-element model involves crude approximations; the micro-element model 
can be used for a local region of a structure; however, it will be computationally prohibitively 
expensive if used in the nonlinear dynamic analysis of an entire large structure. Hence, the fiber 
element model is the best combination of simplicity and accuracy in nonlinear inelastic dynamic 
analyses, and can provide certain insight into the nonlinear behavior of both structural members 
and the whole structure at acceptable computational cost. 
Currently, the structural analysis software that employs the macro-element model is the IDARC 
series including IDARC-2D and IDARC-BRIDGE (Valles et al., 1996). Software available for using 
fiber elements includes: the DRAIN series software (Prakash et al., 1992; Prakash et al., 1994; 
Powell and Campbell, 1994), OPENSEES (Mazzoni et al., 2003), FEAP (Taylor, 2002), 
DYNAFLOW (Prévost, 2002), ADAPTIC (Elnashai et al., 1989), and DYNAMIX (El-Tawil, and 
Deierlein, 2001a and 2001b) etc. The general purpose software packages, as, e.g., ANSYS 
(ANSYS Inc., 2003), ABAQUS (ABAQUS Inc., 2003), ADINA (ADINA R & D, Inc., 2003), ALGOR 
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(ALGOR, Inc., 2003), NASTRAN (MSC Software Corporation, 2003), LUSAS (Finite Element 
Analysis Ltd., 2006), SAP2000 (Computers and Structures Inc., 1998), and STAAD (Research 
Engineers International, 2006) can be employed to create the micro-element model. 
Another important problem in the nonlinear dynamic analysis of reinforced concrete structures is 
the selection of the approach to simulate the plastic behavior the structural members. As 
mentioned by Taucer et al. (1991), two types of models are available:  
(1) lumped plasticity model 
For this model, it is assumed that the plastic behavior exists only in some concentrated local 
regions of the structural components. Typically, one or more zero-length nonlinear springs are 
used to describe the behavior of these plastic hinges; 
(2) distributed plasticity model 
For this model, the spread of plasticity in the nonlinear members is taken into consideration both 
across the member section and along the member length. This model is generally seen as being 
more accurate, since the plastic behavior of the structural members occurs, in reality, over some 
zone, and is not confined at a point only, i.e., the plastic hinge.  
The distributed plasticity model can be applied in the IDARC series (Valles et al., 1996), the 
DRAIN series software (Prakash et al., 1992; Prakash, et al., 1994; and Powell, and Campbell, 
1994), OPENSEES (Mazzoni et al., 2003), FEAP (Taylor, 2002), DYNAFLOW (Prévost, 2002), 
ADAPTIC (Elnashai et al., 1989), and DYNAMIX (El-Tawil and Deierlein, 2001a and 2001b) etc. 
The lumped plasticity model can be applied through the general purpose finite element software, 
as, e.g., ANSYS (ANSYS Inc., 2003), ABAQUS (ABAQUS Inc., 2003), ADINA (ADINA R & D, Inc., 
2003), ALGOR (ALGOR, Inc., 2003), NASTRAN (MSC.Software Corporation, 2003), LUSAS 
(Finite Element Analysis Ltd., 2006), SAP2000 (Computers and Structures Inc., 1998), and 
STAAD (Research Engineers International, 2006), and also the NEABS series software (Imbsen 
and Penzien, 1986; Zhang et al., 1999). It is noted that the software packages with the option to 
simulate the spread of plasticity typically also have the ability to analyze the nonlinear behavior of 
the structures using the lumped plasticity model. 
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2.3 Software packages available for seismic analysis 
There are two kinds of finite element software packages widely used in the seismic analysis of 
structures: (1) general purpose computer programs; (2) structural analysis-oriented computer 
programs. 
 
2.3.1 General purpose computer programs 
This kind of computer programs is widely used in finite element analysis in various engineering 
fields. They include, among others, ANSYS (ANSYS Inc., 2006), ABAQUS (ABAQUS Inc., 2003), 
ADINA (ADINA R & D, Inc., 2006), ALGOR (ALGOR, Inc., 2006), and NASTRAN (MSC.Software 
Corporation, 2006), LUSAS (Finite Element Analysis Ltd., 2006). 
They commonly have the options to perform linear/nonlinear analysis, static/dynamic analysis, 
acoustic and shock analysis, thermal stress analysis, etc. Their element families typically include 
solid elements, shell elements, membrane elements, beam elements, truss elements, connector 
elements, fluid elements, and user-defined elements, etc. They provide various stress-strain 
relationships to simulate different material models such as linear elastic, Mohr-Coulomb plasticity, 
concrete, conductivity, hydrostatic fluid models, etc. 
These programs are very powerful and versatile. However, they may not include advanced 
features in structural engineering, since they were not developed specifically for the analysis of 
structural systems.  
 
2.3.2 Structural analysis-oriented computer programs 
This kind of computer programs is widely used in performing structural analysis and evaluation of 
bridges and buildings. They include, among others, SAP2000 (Computers and Structures Inc., 
1998), STAAD (Research Engineers International, 2006), the DRAIN series (Prakash et al., 1992; 
Prakash et al., 1994; Powell and Campbell, 1994), the IDARC series (including IDARC-2D and 
IDARC-BRIDGE) (Valles et al., 1996), OPENSEES (Mazzoni et. al. 2003), FEAP (Taylor, 2002), 
DYNAFLOW (Prévost, 2002), DYNAMIX (El-Tawil and Deierlein, 2001a and 2001b), and 
ADAPTIC (Elnashai et al., 1989). 
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When compared to general purpose programs, their ability is limited. They typically have the 
options to conduct linear/nonlinear analysis, static/dynamic analysis, moment curvature analysis, 
pushover analysis, etc. Their element families commonly include beam elements, truss elements, 
connector elements, spring elements, etc. Limited stress-strain relationships are provided in 
these programs to model different kinds of material behavior such as linear elastic, steel, 
concrete, viscous material, etc. 
 
2.4 Damage index for seismic evaluation of structures 
The damage index is a very useful tool to assess the damage state of reinforced concrete 
structures such as bridges and buildings subjected to earthquake ground motions. It can be used 
to analyze the reliability of bridges under simulated earthquake ground motions, and also to 
evaluate the damage state of bridges after earthquakes. Damage indices can be categorized as 
local or global. The local damage index is used to evaluate the damage state of a single structural 
component or a joint in a structure, and the global damage index deals with the structure as a 
whole (Powell and Allahabadi, 1988; Williams and Sexsmith, 1995; Kappos, 1997). 
 
2.4.1 Local damage index 
Typically, the local damage index uses one or two parameters to indicate the damage state of the 
structural members, and the parameters employed can be maximum deformation, or energy 
dissipated during the earthquake, or the combination of these two (e.g. Newmark and 
Rosemblueth, 1974; Bertero and Bresler, 1971; Banon et al., 1981; Banon and Veneziano, 1982; 
Park and Ang, 1985; Park et al., 1985; Park et al., 1987; Roufaiel and Meyer, 1987; Wang and 
Shah, 1987; Stephens and Yao, 1987; Chung et al. 1989; McCabe and Hall, 1989; Wang and 
Wang, 1992; Daali and Korol, 1996; Castiglioni and Calado, 1996; Hindi and Sexsmith, 2001). 
Among the local damage indices, the Park and Ang (1985) damage index is widely used. It is 
constructed by using the linear combination of the maximum deformation and dissipated hysteric 
energy of the structural member under the seismic excitation, which accounts for the structural 
damage caused by both the monotonic loading and the repeated cyclic loading.  
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This damage index can be expressed using the following equation: 




                                                                                                  (2.1) 
where Mδ  is the maximum deformation under the earthquake excitation; uδ  is the deformation 
under monotonic loading; yQ  is the calculated yield strength; dE is the increment of the absorbed 
hysteric energy; and β  is a parameter that defines the strength deterioration of the structural 
element. 
The Park and Ang damage index was calibrated using the data from past structural damage 
during the 1971 San Fernando earthquake in the U.S. and the 1978 Miyagiken-Oki earthquake in 
Japan (Park et al. 1985). Park et al. (1987) recommended the relationship between the structural 
damage level and the damage index as listed in Table 2.1. 
 
Table 2.1 Relationship between the structural damage level and the damage index 
D < 0.1   No damage or minor cracking 
0.1 ≤ D < 0.25 Minor damage – light cracking throughout 
0.25 ≤ D < 0.4 Moderate damage – severe cracking, localized spalling 
0.4 ≤ D < 1.0 Severe damage – crushing of concrete, reinforcement exposed 
D ≥ 1.0 Collapsed 
 
 
The advantages of the Park and Ang (1985) damage index include: (1) it uses a very simple 
expression; (2) it has clear physical meaning and represents the contribution of both monotonic 
and cyclic loading; (3) it is well calibrated on the basis of a large number of available monotonic 
and cyclic test results. However, it also has some drawbacks, e.g., (1) it expresses the damage 
using linear combination of the deformation and energy terms, while, they are interdependent, in 
reality; (2) the loading sequence effect is not taken into consideration even though the structural 
response is nonlinear.  
In 1992, a modified Park and Ang damage index was adopted in IDARC version 3.0 (Kunnath et 
al., 1992), which employs moment and rotation instead of force and displacement: 
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θθ ∫+−−=                                                                                                 (2.2) 
where mθ  is the maximum rotation attained during the loading history; uθ  is the ultimate rotation 
capacity of the section; rθ  is the recoverable rotation during unloading; My is the yield moment; 
and Eh is the dissipated hysteric energy in the section. The largest damage index of the end 
sections defines the damage index of the element. 
As pointed out by Williams and Sexsmith (1995): (1) a major problem of almost all the damage 
indices is the need of weighting factors, which must be derived either by regression of 
experimental data, or be assigned some apparently arbitrary values, and, thus, leading to little 
confidence of their broad applicability to all kinds of structures; (2) another problem is that most of 
the above mentioned damage indices were developed and calibrated from reinforced concrete 
buildings. Some calibration from bridge damage has been conducted (e.g. Stone and Taylor, 
1993; Williams, 1994), however, more effort is needed in this area. 
 
2.4.2 Global damage index 
The global damage index can be defined using a global parameter, such as global ductility factors 
(Roufaiel and Mayer, 1987) or softening index (DiPasquale and Cakmak, 1988). Thus, the global 
damage index can be expressed either by combining local indices for the whole structure or using 
overall parameters of the structure, such as natural frequencies or periods (DiPasquale et al. 
1990).  
Bracci et al. (1989) established a story damage index as: 









                                                                                                              (2.3) 
where Di is the local damage index at location or component i, b is the control weighting factor for 
the component, and wi is the weighting factor which allows dependence on additional parameters 
and also satisfies the condition : 1=Σ iw , since the damage index is always normalized. 
One of the softening damage indices was introduced by DiPasquale and Cakmak (1988), and is 
expressed as: 
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0−=                                                                                                      (2.4) 
where (T0)initial is the initial period of the structure, and (T0)equivalent is the equivalent fundamental 
period. Thus, the damage state of the structure can be derived from its nonlinear inelastic 
analysis by using the equivalent fundamental period of the structure.  
The relationships of local damage indices and global damage indices have been investigated by 
many researchers (e.g. DiPasquale et al. 1990). The plastic softening can be seen as a measure 
of the effect of the inelastic deformation and soil-structure interaction during the earthquake, and 
the maximum softening results from both inelastic deformation and stiffness degradation. It 
should be noted that, although the softening damage index provides a way of assessing the 
global state of a structure, it does not provide any information about the distribution of the 
damage to individual member (Williams and Sexsmith, 1995). 
 
2.5 Material models of concrete and steel for analysis of RC structures 
Many researchers have investigated the stress-strain relationship of concrete and reinforcing 
steel. Various material models of concrete and reinforcing steel were proposed and employed in 
the past studies of RC structures. This section presents an overview of their past work on these 
material models. 
 
2.5.1 Material models of concrete 
The material behavior of concrete can be investigated experimentally using either plain concrete 
or reinforced concrete elements. The stress strain relationship (Fig. 2.2) for both plain 
(unconfined) concrete and confined concrete has the following features: (1) Its tensile part is 
much shorter than its compressive part; (2) In the vicinity of the origin, it is almost linear; (3) The 
compressive part consists of two branches, an ascending branch and a descending branch; (4) 




2.5.1.1 Plain concrete 
Plain concrete is a mixture composed of aggregates (gravel and sand), cement and water.  
In practice, the compressive strength of concrete is typically determined by standard compressive 
strength tests using standard concrete cylinders with a size of 6 in by 12 in (or 152 mm by 305 
mm) (ACI, 2005). Many factors influence the compressive strength of concrete, as, e.g., water to 
cement ratio, porosity, type of cement, strength and grading of aggregate, testing conditions, etc. 
To determine the tensile strength of plain concrete, cylinder splitting tests and flexural tests are 
widely conducted using a plain concrete beam or cylinder, respectively. The tensile strength of 
concrete is affected by the factors same as those for the compressive strength. Generally, the 
tensile strength of concrete is less than 20% of its compressive strength (Park and Paulay, 1975; 
MacGregor and Wight, 2006). 
 
 
Figure 2.2 Stress-strain relationship of concrete under monotonic loading condition 
 
The secant modulus of elasticity at a stress level of 0.4 'cf  is typically termed as the modulus of 
elasticity of concrete in engineering practice. Its value is affected by factors such as the modulus 
of elasticity of the aggregate and the cement paste. It is frequently expressed as (ACI, 2005): 
         '5.133 cc fwE =   psi                                                                                                      (2.5) 
where w is the weight of the concrete in 3ftlb and 'cf  is its compressive strength in 
2inlb . 
For normal weight concrete (density: 145 3ftlb ), Ec can be taken as (ACI, 2005): 
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         '000,57 cc fE =  psi or '4730 cc fE =  MPa                                                                  (2.6) 
Typically, Poisson’s ratio for concrete has a value between 0.15 and 0.20 (e.g., Park and Paulay, 
1975; MacGregor and Wight, 2006). 
Many stress-strain relationships for plain concrete have been developed by different researchers 
(e.g., Hognestad, 1951; Desayi and Krishnan, 1964; Kent and Park, 1971; Popovics, 1973; Tsai, 
1988): 
Hognestad (1951) established a general equation for concrete, which is widely used for plain 
concrete. This model is prescribed by the following expressions: 
















⎛= ccccc ff                                                                             (2.7a) 
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Desayi and Krishnan (1964) used the following simple equation to describe the stress-strain 
relationship of concrete: 
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Popovics (1973) proposed a very useful equation to handle the monotonic compressive behavior 
of concrete in the form of: 
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This model is widely used and has later been modified by many researchers. 
Tsai (1988) suggested a generalized form of Popovics’ equation (1973) for concrete: 



















M and N are parameters that control the steepness rate for the ascending and descending 
branches, respectively. 
Tasnimi (2004) presented another single equation for unconfined concrete which is actually also 
a modified form of Popovics’ equation (1973): 















n, p and q are parameters that control the shape of the stress strain curve. 
 
2.5.1.2 Confined concrete 
The mechanical properties of concrete such as strength and ductility can be affected significantly 
by lateral confining stresses. Extensive effort has been made to characterize this effect on the 
properties of confined concrete.  
One of the earlier studies was conducted by Richart et al. (1928). They suggested the following 
relationships for confined concrete subjected to lateral confining fluid pressure: 
         '1
''
lccc fkff +=                                                                                                        (2.12a) 








k+= εε                                                                                           (2.12b) 
where, 'ccf  and 
'
ccε  are the compressive strength and corresponding strain of the confined 
concrete under the lateral confining fluid pressure 'lf ; 
'
cf  and 
'
cε  are the compressive strength 
and corresponding strain of the unconfined concrete; and the coefficients k1 and k2 are 
determined as 4.1 and 5, respectively. 
Richart et al., (1929) also pointed out that the passive confinement due to circular steel spirals 
and the active confinement provided by later fluid pressure have almost the same effect on the 
strength of concrete. 
Later, Balmer (1949) found that k1 ranges from 4.5 to 7.0 and its average value is 5.6. The higher 
values correspond to lower lateral pressure. 
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Chan (1955) provided a trilinear stress-strain relationship for concrete confined by rectangular 
ties. He considered that the confinement effect of the transverse reinforcement is solely a function 
of the volumetric ratio of the tie steel to the concrete core. 
Roy and Sozen (1964) proposed a very simplified bilinear stress-strain model assuming that the 
strength of concrete is not affected by confinement with a strain of 0.002 corresponding to its 
peak stress. 
Soliman and Yu (1967) put forward a stress-strain curve which consists of three segments: A 
parabolic ascending branch; then a flat plateau; and then a linear descending branch, according 
to their experimental results using small scale specimens with rectangular section confined by 
simple ties. 
Iyengar et al. (1970) used the same form as that suggested by Richart et al. (1928) for confined 
core concrete, however, they found that k1=4.6 and k2=10k1 for spiral hoops and k2=8.8k1 for 
rectangular ties.  
Sargin (1971) developed the following stress-strain relationship for confined concrete with the 
parameters of the equation calibrated from experimental results of square specimens.  












In the above equation, A, B, C, and D are the empirical parameters determined from boundary 
conditions controlling the ascending portion and the descending portion of the curve. Factors 
such as volumetric ratio of the lateral steel to the concrete core, ratio of tie spacing to the width of 
the concrete core, yield strength of lateral steel, unconfined concrete strength, and the strain 
gradient across the section were taken into consideration in the equation.  
Kent and Park (1971) adopted a three-segment, piecewise continuous, stress-strain curve for 
both the cover and confined concrete based on the experimental results of Roy and Sozen (1964), 
Bertero and Felippa (1964), and Soliman and Yu (1967). The ascending portion is a second 
degree parabola independent of the confining reinforcement and the falling branch is linear with 
its slope depending on the confinement of lateral reinforcement. And, finally, a constant sustained 
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stress of 0.2 'cf  is assumed. The enhancement of confinement on concrete strength, and the 
strain corresponding to the peak stress was neglected for conservative purpose. The model is 
described by the following euqtions: 
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"ρ  is the volumetric ratio of the confining hoops; b” is the width of the confined concrete core; s is 
the spacing of the hoops. 
Approximately ten years later, this model was modified by Park et al. (1982) and Scott et al. 
(1982). The enhancement of confining reinforcement on the strength of concrete, and the strain 
corresponding to the peak strength were taken into consideration. The slope of the falling branch 
and the sustained stress of the confined concrete were revised too. The following expressions 
present the modified model. 
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for high strain rate loading; 
sρ  is the volumetric ratio of the confining hoops; h” is the width of the confined concrete core, 
and sh is the spacing of the hoops. 
Vallenas et al. (1977) proposed a piecewise continuous model based the test results of 
rectangular columns, which is similar to that of Kent and Park (1971). This model assumes that 
the confinement effect depends also on the effect of longitudinal steel bars and the ratio of the 
nominal diameter of the hoops to that of the longitudinal bars, in addition to the aforementioned 
factors.  
Muguruma et al. (1980) developed a stress-strain curve composed of two second order parabolas. 
In this model, a confinement effectiveness coefficient was used to describe the confinement effect. 
Sheikh and Uzumen (1982) developed a model for confined concrete using a piecewise 
continuous curve with four segments: The ascending branch was a parabola followed by a flat 
plateau representing the maximum confined strength of core concrete, and then by a linear 
descending branch connected to a horizontal line extending to the ultimate strain of confined 
concrete at a constant residual strength of 0.3 'ccf .  
Fujii et al. (1988) established a three-segment piecewise continuous stress-strain equation for 
core concrete. The ascending branch was composed of a second-order parabola and a third-
order polynomial, and followed by a linear descending branch and a constant residual strength of 
0.2 'ccf . 
Mander et al. (1988) proposed a stress-strain model for confined concrete based on the equation 
suggested by Popovics (1973). It is noted that this model employs one function only for both the 
ascending and descending branches. It is applicable to reinforced concrete members with either 
circular or rectangular section by using an effective lateral confining pressure. The effect of rate of 
strain and cyclic loading was also allowed. The ultimate concrete compression strain in this model 
was determined using an energy balance approach. 
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ff                                                             (2.16) 
where 'ccf is the compressive strength of the confined concrete, 
'
0cf  the compressive strength of 
















fεε ,  
where '0cf  and 0cε are the strength and corresponding strain of unconfined concrete. 
Madas and Elnashai (1992) presented a passive confinement model to predict the response of 
reinforced concrete structures to cyclic and dynamic loading. A feature of this model is that its 
application includes a step to evaluate the pseudo-spatial stress states of the core concrete 
induced under an applied axial strain.  
Saatcioglu and Razvi (1992) suggested an analytical model for core concrete confined by circular 
and rectangular lateral reinforcement. Similar to the modified Kent and Park model (Park et al. 
1982), this model is also a three-segment piecewise continuous one with an ascending branch, a 
linear descending branch, and a horizontal line representing the constant residual strength. The 
confining effects of different types of reinforcement can be superimposed so that their individual 
contributions can be accounted for. The effect of loading rate can also be handled in this model. 
Attard and Setunge (1996) recommended a stress-strain model based on Sargin’s equation 
(1971). Empirical expressions are proposed for the parameters, such as the elastic modulus, the 
peak stress, the strain at peak stress, and the stress and strain at the inflexion point of the falling 
branch. 
Hoshikuma et al. (1997) proposed a model for confined concrete with an nth-order polynomial 
ascending branch and a linear falling branch. A residual stress of 0.5 'ccf  was assumed because 
crashing of the core concrete and buckling of the longitudinal steel in the specimens were 
observed in their experiment when the compressive stress dropped below this value. 
Assa et al. (2001a and 2001b) developed a stress-strain model for concrete confined by spiral 
steel, and extended the model for concrete confined by rectangular ties. This model uses a 
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fractional equation to describe both the ascending branch and the descending branch. Two 
parameters are introduced in the equation so as to control the slopes of the two branches. 
Legeron and Paultre (2003) presented a constitutive model for both normal strength and high 
strength confined concrete, which is applicable to various types of column cross sections by using 
an equivalent column concept. The confinement effect is measured by introducing a 
nondimensional effective confinement index given by Cusson and Paultre (1995).  
IIki et al. (2004) developed a relatively simple trilinear stress-strain relation for confined concrete. 
The ascending portion of this model consists of two straight lines and the falling branch by one. 
One feature of this model is that the bulking of the longitudinal reinforcement is considered while 
determining the slope of the descending branch. The peak strength of the confined concrete was 
determined based on the statistical evaluation of the results of the authors’ experiments, and the 
strain corresponding to it was assumed to be 0.003. 
Li and Fang (2004) suggested a model for the ascending branch of the stress-strain curve for 
concrete confined by both steel reinforcement and Carbon Fiber Reinforced Polymer (CFRP) 
based on the model proposed by Li et al. (2003) for concrete confined by CFRP. The model was 
verified by the experimental testing of 36 concrete cylinders. It was concluded that different types 
of steel reinforcement have very small effect on concrete cylinders confined by both steel and 
CFRP. 
Li et al. (2005) established a constitutive model for concrete confined by steel reinforcement and 
steel jacket. The stress-strain curve was divided into two regions: the first region of this model 
employs a second-order parabolic equation and the second region an nth-order polynomial 





2.5.2 Material models of steel 
 25
Reinforcing steel may have significant influence on the behavior of reinforced concrete members, 
particularly under earthquake loading. Important properties of reinforcing steel include grade 
designation, diameter, modulus of elasticity, yield strength, yield strain, ultimate strength, and 
ultimate strain, etc. A typically stress-strain curve of reinforcing steel is shown in Fig. 2.3, which 





Figure 2.3 Stress-strain relationship for steel under monotonic loading condition 
 
Many researchers have investigated and proposed various models for the stress-strain 
relationship of reinforcing steel under either monotonic loading or cyclic loading condition (e.g.  
Giuffre and Pinto, 1970; Menegotto and Pinto, 1973; Kent and Park, 1973; Ma et al., 1976; 
Filippou et al. 1983; Mander et al. 1984; Monti and Nuti, 1992; Restrepo-Posada et al., 1994; 
Dodd and Restrepo-Posada, 1995; Gomes and Appleton, 1997; Balan et al. 1998; Rodriguez et 
al., 1999). These models are reviewed briefly herein. 
The Giuffre-Menegotto-Pinto steel model (Giuffre and Pinto, 1970; Menegotto and Pinto, 1973) is 
widely used in the seismic analysis of RC structures and is given by the following expression: 
         































0sε  and 0sσ  are the strain and stress at the yield point of the bilinear envelope, respectively; srε  
and srσ  are the strain and stress at the inversion point, respectively; ξ  is the absolute plastic 
strain during last excursion; and 0R , 1a  and 2a are parameters determined by experimental data. 
Mander et al. (1984) stated that the stress-strain relationship for the strain hardening region can 
be expressed with good accuracy by the following equation: 
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where fy and fsu are the yield strength and ultimate strength of the steel, respectively; εsh is the 
strain at which strain hardening begins; εsu the ultimate strain; and Esh is the initial slope of the 
hardening branch of the stress-strain curve. 
Monti and Nuti (1992) proposed a stress-strain relationship for reinforcing steel. Four hardening 
rules, i.e., kinematic, isotropic, memory, and saturation, as functions of yield stress, elastic 
modulus, hardening ratio, and a weighing coefficient, are employed. The parameters in the model 
were updated after each load reversal based on the four hardening rules. Inelastic buckling effect 
can be taken into consideration by introducing additional parameters as functions of L/D (L is the 
steel bar length between two adjacent ties; D is bar diameter). 
Restrepo-Posada et al. (1994) conducted a series of cyclic uniaxial tests to investigate the effects 
of factors such as cyclic loading, bar deformation, strain rate, and strain aging on the stress-strain 
relationship using two grades of New Zealand reinforcing steel. They found that strain rate may 
not affect the overall cyclic response and the modulus of elasticity of the steel bars, however, it 
may increase their yield stresses up to 10%. The strain aging effect can also be neglected for the 
steel bars in their tests. 
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Dodd and Restrepo-Posada (1995) developed a model for reinforcing steel using a natural 
coordinate system by considering the instantaneous geometry of the specimen, so that the 
tension and compression skeleton stress-strain curves are equal and opposite. This model 
considers the Bauschinger effect, and also the reduction of the unloading modulus with plastic 
strain. Its stain-hardening region in the idealized skeleton stress-strain curve is simulated based 
on the curve recommended by Mander et al. (1984). 
Gomes and Appleton (1997) established a stress-strain relationship for the cyclic response of 
reinforcing steel with modification of the Giuffre-Menegotto-Pinto model to include inelastic 
buckling behavior. The bulking effect is included using a simplified model according to the 
equilibrium of a plastic mechanism of the buckled longitudinal reinforcing bar. 
Balan et al. (1998) presented a macroscopic hysteretic model for the simulation of the cyclic 
behavior of reinforcing steel bars in terms of natural stresses and strains. A monotonic stress-
strain curve (assumed to be identical to the envelope curve for cyclic response) of reinforcing 
steel was first presented in the engineering coordinate system and then converted to the natural 
coordinate system. In this model, the effect of the degradation of strength with plastic strain can 
be taken into account in the cyclic response of the reinforcing steel bars.  
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Chapter 3. Description of the Two Reinforced Concrete Highway Bridges 
 
To study the effect of spatially variable ground motions on the seismic response of highway 
bridges, two RC bridges are considered. These two bridges were selected from the seven 
seismic design examples developed for FHWA (Fedral Highway Administration) to illustrate how 
to apply AASHTO’s seismic analysis and design requirements in 1996 (AASHTO, 1996; FHWA, 
1996a and 1996b).The structural properties of the two bridges are briefly reviewed in this chapter. 
It is noted that the figures in this chapter are either adopted or modified from the FHWA manuals. 
 
3.1 The two-span straight reinforced concrete highway bridge (bridge no. 1) 
 




This bridge is the first one (bridge no. 1) of the seven examples, which is a two-span straight 
reinforced concrete box bridge (FHWA, 1996a). The plan and elevation of the bridge is shown in 
Fig. 3.1. The cross section of the bridge deck and the elevation of the intermediate bent are 
shown in Fig. 3.2. The total length of the bridge is 73.76 m (242 ft). Its superstructure is a 22.48 
m-wide post-tensioned continuous box girder. Seat-type abutments are selected for the bridge 
with space behind the end diaphragm to accommodate free longitudinal movement of the 
superstructure.  The superstructure and the columns are connected using a cap beam. The 
intermediate bent consists of three columns fully connected with square spread footings 
underneath. A 1.219 m (4 ft)-diameter column was selected for the bent due to the fact that it 
resulted in a reasonable footing size and amount of longitudinal reinforcement in it. The cross 
section of the bent columns is shown in Fig. 3.3. 22 #11 bars are spaced equally around the 
perimeter of the column. #5 spirals are used with a spacing of 89 mm (3.5 in) through the entire 
length of the column. The compressive strength and Poisson’s ratio of concrete is 4000 psi and 
0.18, respectively. The intended seismic behavior of the bridge in the longitudinal and transverse 














(b) Transverse seismic behavior 
 
Figure 3.4 Intended seismic behavior of bridge no. 1 
 
 
3.2 The three-span skewed reinforced concrete bridge (bridge no. 4) 
This bridge, the fourth one (bridge no. 4) of the seven examples, is a three-span skewed 
continuous reinforced concrete box bridge (FHWA, 1996b). The plan and elevation of the bridge 
are shown in Fig. 3.5. Fig. 3.6 shows the elevation of the intermediate bent and the cross section 
of the bridge deck. The bridge is 97.54 m (320 ft) long in total with three spans of 30.48m (100 ft), 
36.58m (120 ft) and 30.48m (100 ft). Its superstructure is a cast-in-place reinforced concrete box 
girder with two interior webs. Seat-type abutments are used to allow free longitudinal movement 
of the superstructure.  The two bents are integrated with the post-tensioned box girder through 
cross beams. All the substructure elements are oriented at a 30-degree skew from a line 
perpendicular to its centerline alignment. The round 1.219 m (4 ft)-diameter bent columns are 
pinned at the top of square spread footing foundations. The cross section of the bent columns is 
 32
shown in Fig. 3.7. 34 #11 bars in 2-bar bundles are spaced equally around the perimeter of the 
column. #5 spirals are used with a spacing of 89 mm (3.5 in) through the entire length of the 
column. The compressive strength and Poisson’s ratio of concrete is 4000 psi and 0.18, 
respectively. The intended seismic behavior of the bridge in the longitudinal and transverse 

























(b) Transverse seismic behavior 
 






Chapter 4. Finite Element Modeling of the Two Bridges 
 
Linear and nonlinear models of the two bridges described in the previous chapter were developed 
for the evaluation of their seismic response. The linear models were developed using ANSYS 
(ANSYS, 2006). The nonlinear models were developed by DRAIN-3DX (Prakash, et al., 1992; 
Prakash, et al., 1994; Powell, and Campbell, 1994) and the object-oriented software framework 
OPENSEES (previously known as G3) (McKenna and Fenves, 2000; Mazzoni, et. al. 2003). 
 
4.1 The two-span straight RC bridge 
 
4.1.1 Linear model 
According to the recommendations of ATC-32 (ATC, 1996) and SDC (Seismic Design Criteria) 
(CALTRANS, 2001), each span of the superstructure of the bridge is divided into six equal-length, 
elastic beam elements with nodes located at the centroid of the superstructure section (Fig. 4.1). 
 
 
Figure 4.1 Finite element model of bridge no. 1 for linear seismic analysis 
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Each column is represented by four equal-length, 3-D elastic beam elements. The uncracked 
section properties are used in the linear model for both the superstructure and columns. The 
superstructure and the columns are connected by rigid elements. The shear stiffness of the 
bearings, which are assumed to provide no restraint in the longitudinal direction, is neglected in 
the linear model. In the vertical direction, the bearings are considered fully restrained due to the 
gravity forces of the superstructure. The rigid element at each end of the bridge is restrained in 
the transverse direction by two springs located at each end of the rigid element, which represent 
the effect of the girder stops at both ends of the bridge. The stiffness of each bent foundation is 
modeled by six soil springs at the lower end of the footing elements, which were determined 
using an elastic half-space approach (FHWA, 1996a). 
The first ten mode shapes of bridge no. 1 are shown in Fig.4.2.  The first 20 natural frequencies 
and periods, with units in Hz and second, respectively, and the corresponding mass participation 
ratio in the three directions are shown in Table 4.1. 
 
  
(a) Mode 1: T1=0.842 sec 
 
(b) Mode 2: T2=0.480 sec 
  
(c) Mode 3: T3=0.291 sec 
 
(d) Mode 4: T4=0.241 sec 
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(e) Mode 5: T5=0.161 sec 
 
(f) Mode 6: T6=0.141 sec 
  
(g) Mode 7: T7=0.087 sec 
 
(h) Mode 8: T8=0.077 sec 
  
(i) Mode 9: T9=0.070 sec 
 
(j) Mode 10: T10=0.053 sec 
 
Figure 4.2 First ten mode shapes of bridge no. 1 
 
4.1.2 Nonlinear models 
In the current design specifications of highway bridges, inelastic behavior and damage are 
allowed to develop, to some degree, in the components of bridges under earthquake loading, so 
as to avoid too costly elastic designs. Large inelastic deformation and damage in the RC bridge 
superstructure are not desirable because they cannot be easily inspected and repaired, and can 
make the whole bridge unrepairable. In practice, bridge superstructures are designed to remain 
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elastic when the bent reaches its plastic moment capacity. Pier columns and abutments are ideal 
components to dissipate seismic input energy by allowing inelastic behavior (CALTRANS, 2001). 
 
Table 4.1 Free vibration properties of bridge no. 1 
 
Mode Frequency Period X-DIR Y-DIR X-DIR ROT-X ROT-Y ROT-Z
1 1.188 0.842 83.7 0.0 0.6 0.0 4.3 0.0 
2 2.084 0.480 88.6 0.0 23.6 0.0 8.0 0.0 
3 3.432 0.291 88.6 87.2 23.6 89.5 8.0 64.1 
4 4.147 0.241 89.0 87.2 65.1 89.5 58.5 64.1 
5 6.225 0.161 89.0 87.2 65.1 89.5 58.5 87.4 
6 7.089 0.141 89.0 87.2 70.5 89.5 72.2 87.4 
7 11.548 0.087 89.0 87.2 83.3 89.5 79.1 87.4 
8 13.019 0.077 89.0 89.0 83.3 91.7 79.1 88.6 
9 14.214 0.070 89.1 89.0 87.6 91.7 82.5 88.6 
10 19.038 0.053 89.2 89.0 87.6 91.7 82.5 88.6 
11 19.341 0.052 89.2 89.0 90.2 91.7 88.3 88.6 
12 20.635 0.048 99.6 89.0 90.2 91.7 88.3 88.6 
13 20.649 0.048 99.6 94.4 90.2 91.7 88.3 95.7 
14 20.658 0.048 99.6 94.4 90.2 91.7 88.3 95.7 
15 20.659 0.048 99.6 97.5 90.2 91.7 88.3 97.7 
16 20.672 0.048 99.9 97.5 90.2 91.7 88.3 97.7 
17 20.673 0.048 99.9 99.9 90.2 91.7 88.3 99.8 
18 24.409 0.041 99.9 99.9 90.2 99.8 88.3 99.8 
19 26.382 0.038 99.9 99.9 91.3 99.8 89.0 99.8 
20 29.735 0.034 99.9 99.9 91.3 99.8 89.0 99.9 
 
 
The following nonlinearities are considered in the model: (1) boundary nonlinearities, i.e., the 
contact between the two ends of the box girder and the abutments; and (2) material nonlinearities, 
i.e., the inelastic behavior of the bent columns, and the elastomeric bearings at each end of the 
box girder (Fig. 4.3).  
In this study, the concrete superstructure is modeled using 3-D elastic beam elements with 
effective stiffness. Its flexural and torsional moments of inertia correspond to the gross properties, 
Ig and Jg, respectively, according to ATC-32 (ATC, 1996) and SDC (CALTRANS, 2001). Each 
abutment is represented by two elastic, fully plastic spring elements in parallel with initial gaps. 
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The elastic, fully plastic force deformation relationship of the abutments is determined according 
to SDC (CALTRANS, 2001). The shear force deformation relationship of the bearings is assumed 
to be bilinear with an initial stiffness of 5.027×106 N/m and a post yield stiffness ratio of 0.3. The 
bearings are assumed to yield at a deformation of 0.1m corresponding to 100% shear strain in 
the bearing pads (Roeder and Stanton, 1991; Chen and Duan, 2000).   
 
 
Figure 4.3 Finite element model of bridge no.1 for nonlinear seismic analysis 
 
To simulate the inelastic behavior of the pier columns, two types of nonlinear models are 
employed: a plastic hinge model and a fiber element model. 
 
4.1.2.1 Plastic hinge model 
The plastic hinge model follows the approach used by Shinozuka et al. (1997) and Deodatis et al. 
(2000). The potential plastic hinge zone is simulated using a rigid element and a nonlinear 
rotational spring, as shown in Fig. 4.4. For bridge no. 1, potential plastic hinge zones are placed 
at both ends of the pier columns since double curvature behavior is expected in the columns. 
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The code USC-RC (2006) was used to determine the moment-curvature curve and the axial 
force-moment interaction diagram of the column section. The cross section of the column is 
shown in Fig. 3.3. Mander’s stress-strain model (Mander, et al. 1988) for confined concrete (Fig. 
4.5(a)) and the USC-RC steel model for the reinforcements (Fig. 4.5(b)) were used for the 
moment-curvature analysis. The analysis results are shown in Figs. 4.6(a) and 4.6(b), 
respectively.     
 
 
Figure 4.4 Plastic hinge model of pier columns of bridge no. 1 
 
As suggested by SDC (CALTRANS, 2001), the effective moment of inertia of the columns is 
determined from the moment-curvature analysis, which is used in the nonlinear model for the 
column outside the assumed plastic hinge zone. The length of the plastic hinge is determined 
according to SDC (CALTRANS, 2001). The properties of the moment rotation spring elements 
are obtained from the moment-rotation analysis of the column section based on the moment-
curvature relationship and assuming that the plastic curvature is uniformly distributed along the 
plastic hinge zone. The effective torsional moment of inertia for the columns is determined as 





(a) Concrete model 
 
(b) Steel model 
 




(a) Moment-curvature curve 
 
(b) P-M interaction curve 
 
Figure 4.6 Section analysis results by USC_RC 
 
4.1.2.2 Fiber element model 
Fiber element modeling is also employed to simulate the nonlinear behavior of the pier columns 
using OPENSEES. As discussed in Section 2.2, fiber elements have many advanced features 
that permit the spread of plasticity both along the member and across its cross section through 
the discretization of section into many fibers representing different materials. Stress-strain 
relationships of unconfined concrete, confined concrete and reinforcing steel can be explicitly 
taken into account. The nonlinear force-based beam-column element of Spacone, et al. (1996a, 
1996b) is employed to model the pier columns. One notable advantage of this element is its 
ability to capture the response of each single component using one element only (Neuenhofer 
and Filippou, 1997). 
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A stress-strain relationship described by a parabolic function given by Hognestad (1951) is 
adopted for the ascending branch of the model of the unconfined concrete. After its peak strength, 
the softening branch of the unconfined concrete is assumed to be linear. Two widely used 
confined concrete models, i.e., Mander’s model (1988) and the modified Kent-Park model (Scott, 
et al. 1982 and Kent and Park, 1971) were utilized in the section analysis of the pier columns for 
comparison purposes. In the nonlinear dynamic analysis, only Mander’s model (1988) is used for 
confined concrete. The reinforcing steel bar is modeled by a bilinear material model with a strain 
hardening ratio of 1.6%, according to the stress-strain model recommended by SDC (CALTRANS, 
2001). It is noted that the tensile strength of concrete, the strength degradation of the reinforcing 
steel bar due to low-cycle fatigue and buckling, and the bond slip between steel and concrete, are 
neglected in the current study. 
 
  
(a) FBR 047 (b) FBR 089 (c) FBR 111 
 
   
(d) FBR 132 (e) FBR 176 (f) FBR 242 
 
Figure 4.7 Different discretizations of the column cross section of bridge no. 1 
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The cross section of the pier columns was discretized using different number of fibers (Fig. 4.7) 
for the moment-curvature analysis so as to determine the optimal number of fibers that should be 
used in its nonlinear seismic analysis of Chapter 5. 
Fig. 4.8 and Fig. 4.9 present the moment-curvature curves obtained by OPENSEES with the 
confined concrete simulated using Mander’s model and the modified Kent-Park model, 
respectively. Fig. 4.10 shows the detailed comparison for each fiber discretization using both 
Mander’s model and the modified Kent-Park model for the stress-strain relationship of confined 
concrete.  
From Figs. 4.8-4.10, it can be seen that 89 fibers (FBR 089 in Fig. 4.7(b)) are sufficient to capture 
the response of the cross section of the bridge columns. They also indicate that the hardening 
branch of the curves is steeper for Mander’s confined concrete model than for the modified Kent-
Park confined concrete model, because the confinement effect is more pronounced in Mander’s 
model than in the modified Kent-Park model. Fig. 4.11 shows the comparison of the moment-
curvature analysis results by USC_RC and OPENSEES using the discretization with 89 fibers for 
the cross section and the two different material models for the confined concrete. It can be seen 
from the figure that OPENSEES can yield results very close to that of USC_RC. 
 




























Figure 4.8 Moment-curvature curves using Mander’s model for confined concrete 
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Figure 4.9 Moment-curvature curves using the modified Kent-Park model for confined concrete 
 

































































































































































Figure 4.11 Comparison of the results of USC_RC and OPENSEES 
 
 
4.2 The three-span skewed RC bridge 
 
4.2.1 Linear model 
Similar to the two-span straight bridge, based on the recommendations of ATC-32 (ATC, 1996) 
and SDC (CALTRANS, 2001), each span of the superstructure of the bridge is divided into six 
equal-length, elastic beam elements with nodes located at the centroid of the superstructure 
section (Fig. 4.11). Each column is modeled by four equal-length, 3-D elastic beam elements. 
The uncracked section properties are used in the linear model for the superstructure and columns. 
The superstructure and the columns are connected by rigid elements.  
At each end of the superstructure, the skew is accounted for by using a 30-degree skewed rigid 
element connecting the two bearing supports. The shear stiffness of the bearings, which are 
assumed to provide no restraint in the longitudinal direction, is neglected in the linear model. In 
the vertical direction, the bearings are considered fully restrained because of the gravity forces of 
the superstructure. The rigid elements at both ends of the bridge are restrained in the transverse 
direction by two springs located at each end of the rigid element, which represent the effect of the 
girder stops at both ends of the bridge. The stiffness of each bent foundation is modeled by three 
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translational and three rotational soil springs attached at the lower end of the footing elements. 








(a) Mode 1: T1=0.845 sec 
 
(b) Mode 2: T2=0.488 sec 
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(c) Mode 3: T3=0.289 sec (d) Mode 4: T4=0.220 sec 
 
  
(e) Mode 5: T5=0.214 sec 
 
(f) Mode 6: T6=0.201 sec 
  
(g) Mode 7: T7=0.134 sec (h) Mode 8: T8=0.102 sec 
 
  
(i) Mode 9: T9=0.088 sec (j) Mode 10: T10=0.082 sec 
 
 
Figure 4.13 First ten mode shapes of bridge no. 4 
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The first ten model shapes of bridge no. 4 are shown in Fig. 4.13.  The first 20 natural frequencies 
and periods, with units in Hz and second, respectively, and the corresponding mass participation 
ratio in different directions are listed in Table 4.2. 
 
Table 4.2 Free vibration properties of bridge no. 4 
Mode Frequency Period X-DIR Y-DIR X-DIR ROT-X ROT-Y ROT-Z
1 1.184 0.845 91.3 0.1 0.0 0.0 0.1 0.1 
2 2.048 0.488 91.4 79.1 0.0 11.6 0.1 59.5 
3 3.465 0.289 91.4 79.1 1.0 11.6 0.9 59.5 
4 4.553 0.220 91.7 79.1 1.0 11.6 15.9 59.5 
5 4.669 0.214 91.7 79.1 1.0 11.6 15.9 81.4 
6 4.970 0.201 91.7 79.1 75.1 11.6 72.0 81.4 
7 7.441 0.134 91.7 91.5 75.1 13.9 72.0 90.7 
8 9.828 0.102 91.8 91.5 75.1 13.9 74.3 90.7 
9 11.382 0.088 91.8 91.5 75.1 13.9 74.3 92.7 
10 12.243 0.082 91.8 91.5 85.5 13.9 82.2 92.7 
11 13.105 0.076 91.8 91.5 85.5 13.9 82.3 92.7 
12 14.046 0.071 91.8 91.5 85.5 13.9 82.3 92.7 
13 17.352 0.058 91.8 91.5 91.8 13.9 87.1 92.7 
14 19.459 0.051 91.8 91.7 91.8 14.1 87.1 92.8 
15 21.396 0.047 91.8 91.7 91.8 15.7 88.6 92.8 
16 22.773 0.044 91.8 92.5 91.8 59.6 88.6 93.4 
17 24.030 0.042 91.8 92.5 92.0 59.6 88.7 93.5 
18 26.400 0.038 91.8 92.5 92.6 59.6 89.2 93.7 
19 26.694 0.037 99.6 92.7 92.6 60.6 89.3 93.8 
20 26.784 0.037 99.6 92.7 92.6 60.6 89.3 93.9 
 
 
4.2.2 Nonlinear models 
As for the straight bridge (Section 4.1.2), both boundary nonlinearities and material nonlinearities 
are considered for the skewed bridge model to capture its nonlinear seismic response behavior. 
The concrete superstructure is modeled using 3-D elastic beam elements with its effective 
stiffness (Fig. 4.14). According to ATC-32 (ATC, 1996) and SDC (CALTRANS, 2001), its flexural 
and torsional moments of inertia correspond to the gross properties, Ig and Jg, respectively.  At 
each end of the bridge, the abutment is represented by two elastic, fully plastic spring elements in 
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parallel with initial gaps. The elastic, fully plastic force deformation relationship of the abutments 
is determined according to CALTRANS (CALTRANS, 2001). The shear force deformation 
relationship of the bearings is assumed to be bilinear with an initial stiffness of 2.52×106 N/m and 
post yield stiffness ratio of 0.3. The bearings are assumed to yield at a deformation of 0.05m 
corresponding to 100% shear strain in the bearing pads (Roeder and Stanton, 1991; Chen and 
Duan, 2000).   
 
 
Figure 4.14 Finite element model of bridge no. 4 for nonlinear seismic analysis 
 
Again, both the plastic hinge model and the fiber element model are used to simulate the inelastic 
behavior of the pier columns of bridge no. 4.  
 
4.2.2.1 Plastic hinge model 
The plastic hinge model follows the approach used by Shinozuka et al. (1997) and Deodatis et al. 
(2000), shown in Fig. 4.15. The potential plastic hinge zone is placed at the upper end of pier 
columns only, since the columns are pined at their lower end, and, thus, single curvature behavior 
is expected in the columns of bridge no. 4. 
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USC-RC (2006) was used again to determine the moment-curvature curve and the axial force-
moment interaction diagram of the section of bridge pier columns (Fig. 3.7). The same material 
models for concrete and reinforcing steel are used for bridge no. 4, as shown in Fig. 4.16. The 
moment-curvature curve and the P-M interaction diagram of the column are shown in Fig. 4.17.      
Same as the straight bridge, the effective moment of inertia of the columns is determined from the 
moment-curvature analysis, which is used in the nonlinear model for the column outside the 
assumed plastic hinge zone. The plastic hinge length is determined according to SDC 
(CALTRANS, 2001). Similarly, the properties of the nonlinear rotational spring elements are 
determined from the moment-rotation analysis of the column section based on the moment-
curvature relationship with the assumption that the plastic curvature is uniformly distributed along 
the length of the plastic hinge zone. The effective torsional moment of inertia for the columns is 
still determined as 0.2Jg according to SDC (CALTRANS, 2001), where Jg is the torsional moment 
of inertia of the column gross section. 
 
 





(a) Concrete model 
 
(b) Steel model 
 






(a) Moment-curvature curve 
 
(b) P-M interaction curve 
 
Figure 4.17 Section analysis results by USC_RC 
 
 
4.2.2.2 Fiber element model 
The material models used for the fiber element analysis of bridge no. 4 using OPENSEES are the 
same as those employed for bridge no. 1. Again, sensitivity of different fiber arrangement for the 
cross section of the pier columns was conducted for bridge no. 4 to determine the optimal 
configuration for the dynamic analysis. Fig. 4.18 shows different discretizations of the column 
cross section.  It is noted that in the discretization associated with 42 and 69 fibers (FBR 042 and 
FBR 069) the two bundled bars together are represented using one equivalent bar placed at their 
geometric centroid. 
Fig. 4.19 and Fig. 4.20 show the moment-curvature curves obtained by OPENSEES with the 
confined concrete simulated using Mander’s model and the modified Kent-Park model, 
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respectively. Fig. 4.21 shows the detailed comparison for each fiber discretization using the two 
material models for confined concrete.  
 
 
(a) FBR 042 (b) FBR 069 (c) FBR 102 
   
   
(d) FBR 170 (e) FBR 204 (f) FBR 272 
 
Figure 4.18 Different discretizations of the column cross section of bridge no. 4 
 
 
From Figs. 4.19-4.21, it can be seen that 69 fibers (FBR 069 in Fig. 4.18(b)) are sufficient to 
capture the cross section response of the pier columns of bridge no. 4. Still, the hardening branch 
of the curves is steeper for Mander’s confined concrete model. Fig. 4.22 shows the comparison of 
moment-curvature analysis results by USC_RC and OPENSEES using 69 fibers for the cross 
section and the two material models for the confined concrete. It can be seen from the figure that 
OPENSEES and USC_RC can predict comparable result.  
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Figure 4.19 Moment-curvature curves using Mander’s model for confined concrete 
 
 






























Figure 4.20 Moment-curvature curves using the modified Kent-Park model for confined concrete 
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Figure 4.21 Comparison of moment-curvature curves using different concrete models 
 
































Chapter 5. Seismic Response of the Straight Highway Bridge 
 
5.1 Ground motion generation 
In this study, the ground motions are generated by Liao and Zerva (2006), using the 
technique proposed by Deodatis (1996) and Saxena et al. (2000), which is summarized 
herein: The cross-spectral density matrix of the stationary process, )(0 ωS , with ω  indicating 
frequency, has as diagonal elements the power spectral densities of the seismic motions at 
each station ( )(ωjjS ), and as off-diagonal terms the corresponding cross spectral densities 
×= )()()( ωωω jkjkjk SSS )/exp()( vi jkjk ωξωγ − , with )(ωγ jk  being the coherency between 
stations having a separation distance of jkξ , and the exponential term reflecting the apparent 
propagation of the motions with a velocity of v. )(0 ωS  is then factorized into the following 
product using Cholesky decomposition: 
)()()( *0 ωωω THHS =                                                                                                     (5.1) 
with T indicating transpose and * complex conjugate. The elements of )(ωH  can be written in 
polar form as: 












H                                                                                         (5.2b) 










)(cos)(2)( ωθωωω                                                     (5.3) 
with j = 1,2,…,n and ∞→N . To generate a sample, the random phase angles mlΦ  are 
replaced by their respective realizations. The corresponding nonstationary processes are 
obtained by the multiplication of the above equation with a modulating function. The response 
spectra of the simulated time histories were calculated and matched with the prescribed 
 56
response spectra in an iterative process. The coherency model of Harichandran and 





2[ exp),( AAAAAA αωθ
ξαωαθ




ωωθ +=                                                                                                  (5.4b) 
where ξ indicates separation distance in m, and ω frequency in rad/sec. The parameters of 
the equation assume the values: A = 0.736, α= 0.147, k = 5210 m, ωo = 6.85 rad/sec, and b = 
2.78, corresponding to data recorded during Event 20 at the SMART-1 array, Lotung, Taiwan. 
An apparent propagation velocity of v = 750 m/sec was used in the simulations. The target 
peak ground acceleration was 0.5g.  
 
Table 5.1 Different sets of local soil condition at the bridge’s supports considered  
 
HSS input MSS input SSS input 
Abutment A – hard soil 
Bent 1 – soft soil 
Abutment B – soft soil 
Abutment A – medium soil 
Bent 1 – soft soil 
Abutment B – soft soil 
Abutment A – soft soil 
Bent 1 – soft soil 
Abutment B – soft soil 
 
 
Three different time history sets were generated for the longitudinal response evaluation of 
the bridge according to the UBC response spectra at various soil classifications (UBC, 1997): 
In the first case, abutment A was considered to be located on “hard” soil conditions (soil 
profile of UBC Type SB, i.e., rock with 760 m/s < sv  < 1500 m/s, with sv  indicating the 
average shear wave velocity), and bent 1 and abutment B on “soft” soil conditions (soil profile 
of UBC Type SE, i.e., soil profile with sv  < 180 m/s). These time histories, denoted as HSS 
input (Table 5.1) are presented in Fig. 5.1(i). In this subfigure and the following subfigures of 
Fig. 5.1, TH1 will indicate the time history at abutment A, TH2 the time history at bent 1 and 
TH3 the time history at abutment B. In the second case (MSS input in Table 5.1), abutment A 
was considered to be located on “medium” soil conditions (stiff soil with 180 m/s ≤  sv  ≤  360 
m/s), whereas bent 1 and abutment B were again located on soft soil conditions; these time 
histories are presented in Fig. 5.1(ii). In the last case (SSS input in Table 5.1), all bridge 
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supports were considered to be located on soft soil conditions and the corresponding time 
histories are presented in Fig. 5.1(iii). 
 



























(i) hard-soft-soft condition 
 



























(ii) medium-soft-soft condition 
 



























(iii) soft-soft-soft condition 
 
Figure 5.1 Simulated ground motions for bridge no. 1 
 
 
In addition to the spatially variable seismic excitations of Fig. 5.1, two uniform ground motion 
scenarios are also utilized as input excitations at the bridge supports. From the spatially variable 
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ground motions of each of the subfigures in Fig. 5.1, the ground motion with the largest peak 
displacement is used as input motion for the “worst-case” scenario of uniform excitations; this 
case is termed “worst” since, presumably, identical motions with the largest peak displacements 
at all supports would have the worst (highest) demand on the bridge. The displacement time 
history with the smallest peak value is used as the input motion for the “best-case” scenario of 
uniform excitations, as identical motions with the lowest peak displacement would, presumably, 
produce the best (lowest) demand on the bridge. 
Parametric studies were also conducted with different gap sizes (0 in (0 m), 2 in (0.051 m), 4 in 
(0.102 m), and 6 in (0.152 m)) at the ends of the bridge to obtain more insight into the effect of 
spatially variable excitations on its nonlinear seismic response. Rayleigh damping with a ratio of 
5% is utilized in all cases of the seismic analysis. 
 
 
5.2 Linear seismic response  
 
The seismic response analysis results of the bridge subjected to spatially variable ground motions 
and uniform excitations are compared in terms of both seismic displacement demand and force 
demand. In all the subsequent figures and tables, “BEST” denotes response quantities induced 
by the best-case scenario uniform motions, i.e., the identical time history input with the smallest 
peak displacement; “WORST” by the worst-case scenario uniform motions, i.e., the identical time 
history input with the largest peak displacement; and “SV” by spatially variable input motions. Figs. 
A.1-A.3 show the absolute seismic demand envelopes of the response of deck and bridge 
columns. Since the bridge is symmetric about y-axis and earthquake loading is applied along its 
x-axis (Fig. 2.1), the response of columns no. 1 and no. 3 is exactly same as each other. In the 
analysis results, only the response of columns no. 1 and no. 2 is presented. Tables 5.2-5.7 
present the maximum seismic displacement demand and force demand of bridge deck and 
columns induced by the seismic input scenarios using ANSYS. 
Figures A.4-A.6 present the axial force-moment interaction curves of the section at the top and 
bottom of columns no.1 and no.2 under the ground motion input scenarios. The comparison of 
Figs. A.4-A.6 with Fig. 4.6 (b) suggests that the seismic demand predicted by all the scenarios far 
exceeds the capacity of the column, which indicates that nonlinear behavior occurs for all the 
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ground motion inputs. Accordingly, the linear analysis cannot predict reliable seismic demand for 
the bridge, which makes the nonlinear inelastic analysis necessary. 
 
 
Table 5.2 Maximum seismic displacement demand – HSS input 
 
 BEST WORST SV 
Max. deck displacement (m) 0.175 0.498 0.498 




Table 5.3 Maximum seismic force demand – HSS input 
 
 BEST WORST SV 
Axial Force 3.46×106 6.27×106 6.27×106 
Shear Force 9.25×106 9.31×106 9.31×106 Deck 
Moment 7.33×107 8.60×107 8.60×107 
Axial Force 5.92×106 6.00×106 6.00×106 
Shear Force 2.06×106 3.75×106 3.75×106 1 
Moment 0.90×107 1.48×107 1.48×107 
Axial Force 5.92×106 6.00×106 6.00×106 
Shear Force 2.09×106 3.80×106 3.80×106 
Column 
2 
Moment 0.91×107 1.49×107 1.49×107 
 




Table 5.4 Maximum seismic displacement demand – MSS input 
 
 BEST WORST SV 
Max. deck displacement (m) 0.248 0.375 0.344 




Table 5.5 Maximum seismic force demand – MSS input 
 
 BEST WORST SV 
Axial Force 5.26×106 6.41×106 6.39×106 
Shear Force 9.59×106 9.30×106 9.32×106 Deck 
Moment 8.74×107 9.26×107 9.16×107 
Axial Force 6.04×106 6.09×106 6.04×106 
Shear Force 3.13×106 3.84×106 3.83×106 1 
Moment 1.35×107 1.63×107 1.63×107 
Axial Force 6.04×106 6.09×106 6.04×106 
Shear Force 3.17×106 3.88×106 3.88×106 
Column 
2 
Moment 1.36×107 1.64×107 1.64×107 
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Table 5.6 Maximum seismic displacement demand – SSS input 
 
 BEST WORST SV 
Max. deck displacement (m) 0.419 0.491 0.430 




Table 5.7 Maximum seismic force demand – SSS input 
 
 BEST WORST SV 
Axial Force 6.32×106 6.18×106 5.97×106 
Shear Force 9.60×106 9.51×106 9.47×106 Deck 
Moment 9.01×107 8.66×107 8.80×107 
Axial Force 6.05×106 6.05×106 6.01×106 
Shear Force 3.79×106 3.69×106 3.57×106 1 
Moment 1.60×107 1.55×107 1.51×107 
Axial Force 6.05×106 6.05×106 6.01×106 
Shear Force 3.84×106 3.74×106 3.61×106 
Column 
2 
Moment 1.62×107 1.57×107 1.52×107 
 
 
5. 3 Nonlinear seismic response  
 
As discussed in chapter 4, two kinds of nonlinear models, i.e., the plastic hinge model and the 
fiber element model, were employed to investigate the nonlinear seismic response of the bridge 
using DRAIN-3DX and OPENSEES, respectively. Figures A.7-A.18 show the results given by 
DRAIN-3DX and Figs. A.19-A.30 the results by OPENSEES. Tables 5.8-5.31 and Tables 5.32-
5.55 present the maximum seismic displacement demand and force demand predicted by 








Table 5.8 Maximum seismic displacement demand – HSS input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.181 0.472 0.463 
Column 1 – U 0.62 0.79 3.00 
Column 1 – L 0.55 0.73 2.63 
Column 2 – U 0.62 0.80 3.04 
Rotational ductility 
demand 
Column 2 – L 0.56 0.73 2.64 
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Table 5.8 (continued) Maximum seismic displacement demand – HSS input (0 in initial gaps) 
 
Bearing 1 0.029 0.033 0.289 
Bearing 2 0.029 0.033 0.289 
Bearing 3 0.030 0.031 0.083 
Maximum shear 
deformation (m) 




Table 5.9 Maximum seismic force demand – HSS input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 6.05×106 6.82×106 9.06×106 
Shear force (Vy) 8.37×106 8.35×106 8.12×106 
 
Deck 
Moment (My) 6.56×107 6.54×107 7.08×107 
Axial force (N) 5.95×106 5.94×106 5.90×106 
Shear force (Vx) 0.85×106 1.11×106 1.49×106 
 
1 
Moment (My) 3.46×106 4.41×106 5.75×106 
Axial force (N) 5.95×106 5.94×106 5.90×106 






Moment (My) 3.50×106 4.46×106 5.75×106 
1 Shear force 1.46×105 1.64×105 7.88×105 
2 Shear force 1.46×105 1.64×105 7.88×105 
3 Shear force 1.50×105 1.60×105 4.16×105 
 
Bearing 
4 Shear force 1.50×105 1.60×105 4.16×105 
1 Pounding force 3.13×106 3.04×106 4.00×106 
2 Pounding force 3.13×106 3.04×106 4.00×106 








Table 5.10 Maximum seismic displacement demand – HSS input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.181 0.509 0.475 
Column 1 – U 0.73 2.23 3.48 
Column 1 – L 0.75 2.07 3.09 
Column 2 – U 0.74 2.26 3.51 
Rotational ductility 
demand 
Column 2 – L 0.75 2.07 3.09 
Bearing 1 0.044 0.074 0.300 
Bearing 2 0.044 0.074 0.300 
Bearing 3 0.044 0.075 0.073 
Maximum shear 
deformation (m) 










Table 5.11 Maximum seismic force demand – HSS input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.57×106 5.22×106 8.58×106 
Shear force (Vy) 7.55×106 7.73×106 7.91×106 
 
Deck 
Moment (My) 6.46×107 7.14×107 6.99×107 
Axial force (N) 5.70×106 5.76×106 5.76×106 
Shear force (Vx) 1.02×106 1.50×106 1.50×106 
 
1 
Moment (My) 4.18×106 5.71×106 5.79×106 
Axial force (N) 5.70×106 5.76×106 5.76×106 






Moment (My) 4.20×106 5.72×106 5.79×106 
1 Shear force 2.20×105 3.70×105 8.07×105 
2 Shear force 2.20×105 3.70×105 8.07×105 
3 Shear force 2.20×105 3.73×105 3.72×105 
 
Bearing 
4 Shear force 2.20×105 3.73×105 3.72×105 
1 Pounding force 0 2.61×106 4.00×106 
2 Pounding force 0 2.61×106 4.00×106 








Table 5.12 Maximum seismic displacement demand – HSS input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.183 0.529 0.478 
Column 1 – U 0.74 2.12 2.63 
Column 1 – L 0.76 2.51 3.46 
Column 2 – U 0.75 2.15 2.66 
Rotational ductility 
demand 
Column 2 – L 0.77 2.51 3.47 
Bearing 1 0.045 0.085 0.283 
Bearing 2 0.045 0.085 0.283 
Bearing 3 0.045 0.085 0.102 
Maximum shear 
deformation (m) 




Table 5.13 Maximum seismic force demand – HSS input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.57×106 2.31×106 8.52×106 
Shear force (Vy) 7.58×106 7.59×106 7.86×106 
 
Deck 
Moment (My) 6.50×107 7.24×107 7.30×107 
Axial force (N) 5.72×106 5.85×106 5.81×106 
Shear force (Vx) 1.02×106 1.50×106 1.51×106 
 
1 
Moment (My) 4.27×106 5.73×106 5.79×106 
Axial force (N) 5.72×106 5.85×106 5.81×106 










Table 5.13 (continued) Maximum seismic force demand – HSS input (4 in initial gaps) 
 
1 Shear force 2.23×105 4.25×105 7.81×105 
2 Shear force 2.23×105 4.25×105 7.81×105 
3 Shear force 2.23×105 4.24×105 5.02×105 
 
Bearing 
4 Shear force 2.23×105 4.24×105 5.02×105 
1 Pounding force 0 0 4.00×106 
2 Pounding force 0 0 4.00×106 








Table 5.14 Maximum seismic displacement demand – HSS input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.184 0.531 0.462 
Column 1 – U 0.77 2.22 2.41 
Column 1 – L 0.77 2.49 3.23 
Column 2 – U 0.78 2.25 2.44 
Rotational ductility 
demand 
Column 2 – L 0.77 2.49 3.24 
Bearing 1 0.045 0.085 0.288 
Bearing 2 0.045 0.085 0.288 
Bearing 3 0.045 0.085 0.099 
Maximum shear 
deformation (m) 




Table 5.15 Maximum seismic force demand – HSS input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.65×106 2.32×106 6.54×106 
Shear force (Vy) 7.61×106 7.62×106 7.67×106 
 
Deck 
Moment (My) 6.52×107 7.27×107 7.22×107 
Axial force (N) 5.73×106 5.87×106 5.79×106 
Shear force (Vx) 1.07×106 1.50×106 1.51×106 
 
1 
Moment (My) 4.33×106 5.74×106 5.77×106 
Axial force (N) 5.73×106 5.87×106 5.79×106 






Moment (My) 4.38×106 5.74×106 5.77×106 
1 Shear force 2.26×105 4.29×105 7.85×105 
2 Shear force 2.26×105 4.29×105 7.85×105 
3 Shear force 2.26×105 4.28×105 5.01×105 
 
Bearing 
4 Shear force 2.26×105 4.28×105 5.01×105 
1 Pounding force 0 0 2.87×106 
2 Pounding force 0 0 2.87×106 










Table 5.16 Maximum seismic displacement demand – MSS input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.225 0.349 0.314 
Column 1 – U 0.80 0.67 1.88 
Column 1 – L 0.79 0.69 1.76 
Column 2 – U 0.81 0.68 1.90 
Rotational ductility 
demand 
Column 2 – L 0.79 0.69 1.76 
Bearing 1 0.046 0.040 0.114 
Bearing 2 0.046 0.040 0.114 
Bearing 3 0.047 0.041 0.071 
Maximum shear 
deformation (m) 




Table 5.17 Maximum seismic force demand – MSS input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 7.72×106 7.76×106 9.21×106 
Shear force (Vy) 8.66×106 8.26×106 8.64×106 
 
Deck 
Moment (My) 6.82×107 6.56×107 7.04×107 
Axial force (N) 6.00×106 5.85×106 6.02×106 
Shear force (Vx) 1.13×106 0.95×106 1.50×106 
 
1 
Moment (My) 4.46×106 3.87×106 5.70×106 
Axial force (N) 6.00×106 5.85×106 6.02×106 






Moment (My) 4.51×106 3.89×106 5.70×106 
1 Shear force 2.29×105 2.05×105 5.19×105 
2 Shear force 2.29×105 2.05×105 5.19×105 
3 Shear force 2.34×105 2.10×105 3.63×105 
 
Bearing 
4 Shear force 2.34×105 2.10×105 3.63×105 
1 Pounding force 4.00×106 4.00×106 4.00×106 
2 Pounding force 4.00×106 4.00×106 4.00×106 








Table 5.18 Maximum seismic displacement demand – MSS input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.238 0.350 0.330 
Column 1 – U 1.49 1.57 1.79 
Column 1 – L 1.82 2.44 1.55 
Column 2 – U 1.53 1.61 1.82 
Rotational ductility 
demand 
Column 2 – L 1.83 2.45 1.56 
Bearing 1 0.070 0.083 0.140 
Bearing 2 0.070 0.083 0.140 
Bearing 3 0.070 0.084 0.080 
Maximum shear 
deformation (m) 




Table 5.19 Maximum seismic force demand – MSS input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 4.22×106 7.09×106 8.27×106 
Shear force (Vy) 7.68×106 7.75×106 7.95×106 
 
Deck 
Moment (My) 7.24×107 7.39×107 7.26×107 
Axial force (N) 5.79×106 5.94×106 5.85×106 
Shear force (Vx) 1.49×106 1.52×106 1.48×106 
 
1 
Moment (My) 5.70×106 5.74×106 5.69×106 
Axial force (N) 5.79×106 5.94×106 5.85×106 






Moment (My) 5.70×106 5.74×106 5.68×106 
1 Shear force 3.49×105 4.18×105 5.62×105 
2 Shear force 3.49×105 4.18×105 5.62×105 
3 Shear force 3.52×105 4.22×105 4.02×105 
 
Bearing 
4 Shear force 3.52×105 4.22×105 4.02×105 
1 Pounding force 2.06×106 3.54×106 4.00×106 
2 Pounding force 2.06×106 3.54×106 4.00×106 








Table 5.20 Maximum seismic displacement demand – MSS input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.233 0.347 0.279 
Column 1 – U 1.30 2.38 3.24 
Column 1 – L 2.17 3.31 4.17 
Column 2 – U 1.33 2.42 3.27 
Rotational ductility 
demand 
Column 2 – L 2.17 3.32 4.17 
Bearing 1 0.077 0.103 0.125 
Bearing 2 0.077 0.103 0.125 
Bearing 3 0.077 0.103 0.128 
Maximum shear 
deformation (m) 




Table 5.21 Maximum seismic force demand – MSS input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.29×106 2.36×106 5.93×106 
Shear force (Vy) 7.72×106 7.73×106 7.89×106 
 
Deck 
Moment (My) 7.30×107 7.41×107 7.52×107 
Axial force (N) 5.81×106 5.91×106 5.97×106 
Shear force (Vx) 1.49×106 1.52×106 1.52×106 
 
1 
Moment (My) 5.71×106 5.79×106 5.85×106 
Axial force (N) 5.81×106 5.91×106 5.97×106 










Table 5.21 (continued) Maximum seismic force demand – MSS input (4 in initial gaps) 
 
1 Shear force 3.88×105 5.08×105 5.43×105 
2 Shear force 3.88×105 5.08×105 5.43×105 
3 Shear force 3.87×105 5.08×105 5.46×105 
 
Bearing 
4 Shear force 3.87×105 5.08×105 5.46×105 
1 Pounding force 0 0.08×106 2.61×106 
2 Pounding force 0 0.08×106 2.61×106 








Table 5.22 Maximum seismic displacement demand – MSS input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.238 0.352 0.279 
Column 1 – U 1.32 2.39 3.35 
Column 1 – L 2.20 3.32 4.26 
Column 2 – U 1.35 2.43 3.39 
Rotational ductility 
demand 
Column 2 – L 2.20 3.33 4.27 
Bearing 1 0.078 0.103 0.158 
Bearing 2 0.078 0.103 0.158 
Bearing 3 0.078 0.103 0.131 
Maximum shear 
deformation (m) 




Table 5.23 Maximum seismic force demand – MSS input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.30×106 2.36×106 2.72×106 
Shear force (Vy) 7.75×106 7.75×106 7.85×106 
 
Deck 
Moment (My) 7.32×107 7.42×107 7.49×107 
Axial force (N) 5.82×106 5.92×106 6.00×106 
Shear force (Vx) 1.49×106 1.52×106 1.53×106 
 
1 
Moment (My) 5.71×106 5.79×106 5.88×106 
Axial force (N) 5.82×106 5.92×106 6.00×106 






Moment (My) 5.71×106 5.79×106 5.88×106 
1 Shear force 3.91×105 5.08×105 5.92×105 
2 Shear force 3.91×105 5.08×105 5.92×105 
3 Shear force 3.91×105 5.08×105 5.51×105 
 
Bearing 
4 Shear force 3.91×105 5.08×105 5.51×105 
1 Pounding force 0 0 0.71×106 
2 Pounding force 0 0 0.71×106 










Table 5.24 Maximum seismic displacement demand – SSS input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.245 0.241 0.208 
Column 1 – U 0.63 0.68 1.55 
Column 1 – L 0.58 0.67 1.18 
Column 2 – U 0.64 0.69 1.58 
Rotational ductility 
demand 
Column 2 – L 0.58 0.64 1.18 
Bearing 1 0.034 0.038 0.116 
Bearing 2 0.034 0.038 0.116 
Bearing 3 0.034 0.039 0.110 
Maximum shear 
deformation (m) 




Table 5.25 Maximum seismic force demand – SSS input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 7.10×106 7.67×106 8.97×106 
Shear force (Vy) 8.28×106 8.12×106 8.05×106 
 
Deck 
Moment (My) 6.74×107 6.62×107 6.83×107 
Axial force (N) 5.91×106 5.86×106 5.84×106 
Shear force (Vx) 0.89×106 0.97×106 1.49×106 
 
1 
Moment (My) 3.54×106 3.82×106 5.67×106 
Axial force (N) 5.91×106 5.86×106 5.84×106 






Moment (My) 3.58×106 3.87×106 5.67×106 
1 Shear force 1.72×105 1.89×105 5.28×105 
2 Shear force 1.72×105 1.89×105 5.28×105 
3 Shear force 1.77×105 1.95×105 5.16×105 
 
Bearing 
4 Shear force 1.77×105 1.95×105 5.16×105 
1 Pounding force 3.73×106 4.00×106 4.00×106 
2 Pounding force 3.73×106 4.00×106 4.00×106 








Table 5.26 Maximum seismic displacement demand – SSS input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.231 0.253 0.213 
Column 1 – U 1.93 2.28 2.21 
Column 1 – L 2.59 2.81 2.41 
Column 2 – U 1.96 2.31 2.25 
Rotational ductility 
demand 
Column 2 – L 2.60 2.81 2.41 
Bearing 1 0.086 0.091 0.105 
Bearing 2 0.086 0.091 0.105 
Bearing 3 0.087 0.092 0.114 
Maximum shear 
deformation (m) 




Table 5.27 Maximum seismic force demand – SSS input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 7.83×106 8.10×106 8.24×106 
Shear force (Vy) 7.86×106 7.86×106 8.08×106 
 
Deck 
Moment (My) 7.34×107 7.35×107 7.28×107 
Axial force (N) 5.94×106 5.94×106 5.87×106 
Shear force (Vx) 1.51×106 1.54×106 1.52×106 
 
1 
Moment (My) 5.75×106 5.78×106 5.73×106 
Axial force (N) 5.94×106 5.94×106 5.87×106 






Moment (My) 5.75×106 5.78×106 5.73×106 
1 Shear force 4.33×105 4.54×105 5.10×105 
2 Shear force 4.33×105 4.54×105 5.10×105 
3 Shear force 4.38×105 4.59×105 5.23×105 
 
Bearing 
4 Shear force 4.38×105 4.59×105 5.23×105 
1 Pounding force 3.92×106 4.00×106 3.89×106 
2 Pounding force 3.92×106 4.00×106 3.89×106 








Table 5.28 Maximum seismic displacement demand – SSS input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.251 0.215 0.229 
Column 1 – U 2.79 3.04 2.94 
Column 1 – L 3.74 4.01 3.98 
Column 2 – U 2.82 3.07 2.97 
Rotational ductility 
demand 
Column 2 – L 3.74 4.02 3.99 
Bearing 1 0.112 0.118 0.133 
Bearing 2 0.112 0.118 0.133 
Bearing 3 0.112 0.118 0.144 
Maximum shear 
deformation (m) 




Table 5.29 Maximum seismic force demand – SSS input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.67×106 3.94×106 7.25×106 
Shear force (Vy) 7.71×106 7.83×106 7.79×106 
 
Deck 
Moment (My) 7.41×107 7.48×107 7.47×107 
Axial force (N) 5.93×106 5.97×106 5.97×106 
Shear force (Vx) 1.53×106 1.54×106 1.55×106 
 
1 
Moment (My) 5.82×106 5.85×106 5.85×106 
Axial force (N) 5.93×106 5.97×106 5.97×106 










Table 5.29 (continued) Maximum seismic force demand – SSS input (4 in initial gaps) 
 
1 Shear force 5.20×105 5.27×105 5.52×105 
2 Shear force 5.20×105 5.27×105 5.52×105 
3 Shear force 5.21×105 5.28×105 5.68×105 
 
Bearing 
4 Shear force 5.21×105 5.28×105 5.68×105 
1 Pounding force 1.09×106 1.75×106 3.49×106 
2 Pounding force 1.09×106 1.75×106 3.49×106 








Table 5.30 Maximum seismic displacement demand – SSS input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.252 0.230 0.216 
Column 1 – U 2.95 3.47 3.85 
Column 1 – L 3.83 4.32 4.73 
Column 2 – U 2.98 3.51 3.88 
Rotational ductility 
demand 
Column 2 – L 3.84 4.33 4.74 
Bearing 1 0.114 0.125 0.155 
Bearing 2 0.114 0.125 0.155 
Bearing 3 0.114 0.125 0.147 
Maximum shear 
deformation (m) 




Table 5.31 Maximum seismic force demand – SSS input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.38×106 2.41×106 2.56×106 
Shear force (Vy) 7.85×106 7.86×106 7.86×106 
 
Deck 
Moment (My) 7.42×107 7.49×107 7.47×107 
Axial force (N) 5.93×106 5.97×106 5.96×106 
Shear force (Vx) 1.53×106 1.55×106 1.55×106 
 
1 
Moment (My) 5.83×106 5.86×106 5.89×106 
Axial force (N) 5.93×106 5.97×106 5.96×106 






Moment (My) 5.83×106 5.86×106 5.89×106 
1 Shear force 5.27×105 5.39×105 5.85×105 
2 Shear force 5.27×105 5.39×105 5.85×105 
3 Shear force 5.27×105 5.39×105 5.74×105 
 
Bearing 
4 Shear force 5.27×105 5.39×105 5.74×105 
1 Pounding force 0 0 0.28×106 
2 Pounding force 0 0 0.28×106 














Table 5.32 Maximum seismic displacement demand – HSS input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.183 0.480 0.464 
Column 1  0.40 0.59 2.07 Drift ratio (%) Column 2  0.40 0.59 2.08 
Bearing 1 0.032 0.047 0.288 
Bearing 2 0.032 0.047 0.288 
Bearing 3 0.031 0.047 0.101 
Maximum shear 
deformation (m) 




Table 5.33 Maximum seismic force demand – HSS input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 4.12×106 6.53×106 8.39×106 
Shear force (Vy) 8.58×106 9.03×106 8.23×106 
 
Deck 
Moment (My) 7.04×107 7.25×107 7.15×107 
Axial force (N) 6.00×106 6.26×106 5.90×106 
Shear force (Vx) 1.26×106 1.56×106 1.86×106 
 
1 
Moment (My) 5.03×106 6.09×106 7.18×106 
Axial force (N) 6.01×106 6.27×106 5.89×106 






Moment (My) 5.08×106 6.13×106 7.18×106 
1 Shear force 1.58×105 2.37×105 7.86×105 
2 Shear force 1.58×105 2.37×105 7.86×105 
3 Shear force 1.58×105 2.37×105 5.11×105 
 
Bearing 
4 Shear force 1.58×105 2.37×105 5.11×105 
1 Pounding force 2.24×106 3.56×106 4.00×106 
2 Pounding force 2.24×106 3.56×106 4.00×106 








Table 5.34 Maximum seismic displacement demand – HSS input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.174 0.486 0.469 
Column 1  0.53 1.03 1.42 Drift ratio (%) Column 2  0.53 1.03 1.42 
Bearing 1 0.045 0.081 0.296 
Bearing 2 0.045 0.081 0.296 
Bearing 3 0.044 0.081 0.093 
Maximum shear 
deformation (m) 






Table 5.35 Maximum seismic force demand – HSS input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.95×106 4.55×106 8.52×106 
Shear force (Vy) 7.86×106 7.80×106 8.25×106 
 
Deck 
Moment (My) 6.75×107 7.34×107 7.42×107 
Axial force (N) 5.71×106 5.81×106 5.95×106 
Shear force (Vx) 1.27×106 1.75×106 1.82×106 
 
1 
Moment (My) 5.20×106 6.79×106 7.03×106 
Axial force (N) 5.70×106 5.82×106 5.95×106 






Moment (My) 5.23×106 6.81×106 7.04×106 
1 Shear force 2.24×105 4.08×105 7.98×105 
2 Shear force 2.24×105 4.08×105 7.98×105 
3 Shear force 2.23×105 4.08×105 4.67×105 
 
Bearing 
4 Shear force 2.23×105 4.08×105 4.67×105 
1 Pounding force 0 2.33×106 4.00×106 
2 Pounding force 0 2.33×106 4.00×106 








Table 7.36 Maximum seismic displacement demand – HSS input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.176 0.517 0.479 
Column 1  0.56 1.16 0.99 Drift ratio (%) Column 2  0.56 1.16 1.00 
Bearing 1 0.047 0.095 0.305 
Bearing 2 0.047 0.095 0.305 
Bearing 3 0.047 0.094 0.089 
Maximum shear 
deformation (m) 




Table 5.37 Maximum seismic force demand – HSS input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.04×106 2.72×106 8.29×106 
Shear force (Vy) 7.87×106 7.99×106 8.13×106 
 
Deck 
Moment (My) 6.83×107 7.63×107 7.47×107 
Axial force (N) 5.71×106 5.86×106 6.01×106 
Shear force (Vx) 1.33×106 1.76×106 1.73×106 
 
1 
Moment (My) 5.43×106 6.91×106 6.77×106 
Axial force (N) 5.71×106 5.88×106 6.01×106 











Table 5.37 (continued) Maximum seismic force demand – HSS input (4 in initial gaps) 
 
1 Shear force 2.37×105 4.75×105 8.12×105 
2 Shear force 2.37×105 4.75×105 8.12×105 
3 Shear force 2.37×105 4.74×105 4.48×105 
 
Bearing 
4 Shear force 2.37×105 4.74×105 4.48×105 
1 Pounding force 0 0 4.00×106 
2 Pounding force 0 0 4.00×106 








Table 5.38 Maximum seismic displacement demand – HSS input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.179 0.523 0.483 
Column 1  0.60 1.20 1.33 Drift ratio (%) Column 2  0.60 1.20 1.33 
Bearing 1 0.051 0.097 0.308 
Bearing 2 0.051 0.097 0.308 
Bearing 3 0.051 0.097 0.095 
Maximum shear 
deformation (m) 




Table 5.39 Maximum seismic force demand – HSS input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.16×106 2.73×106 5.51×106 
Shear force (Vy) 7.88×106 8.09×106 8.34×106 
 
Deck 
Moment (My) 6.94×107 7.67×107 7.98×107 
Axial force (N) 5.72×106 5.94×106 6.09×106 
Shear force (Vx) 1.40×106 1.77×106 1.80×106 
 
1 
Moment (My) 5.72×106 6.94×106 7.04×106 
Axial force (N) 5.72×106 5.95×106 6.11×106 






Moment (My) 5.75×106 6.95×106 7.05×106 
1 Shear force 2.54×105 4.89×105 8.17×105 
2 Shear force 2.54×105 4.89×105 8.17×105 
3 Shear force 2.54×105 4.89×105 4.77×105 
 
Bearing 
4 Shear force 2.54×105 4.89×105 4.77×105 
1 Pounding force 0 0 2.32×106 
2 Pounding force 0 0 2.32×106 












Table 5.40 Maximum seismic displacement demand – MSS input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.237 0.355 0.331 
Column 1  0.80 0.58 1.06 Drift ratio (%) Column 2  0.80 0.58 1.06 
Bearing 1 0.063 0.047 0.145 
Bearing 2 0.063 0.047 0.145 
Bearing 3 0.063 0.047 0.103 
Maximum shear 
deformation (m) 




Table 5.41 Maximum seismic force demand – MSS input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 5.49×106 8.58×106 8.16×106 
Shear force (Vy) 9.06×106 8.63×106 8.61×106 
 
Deck 
Moment (My) 7.58×107 7.36×107 7.55×107 
Axial force (N) 6.32×106 6.09×106 5.90×106 
Shear force (Vx) 1.66×106 1.54×106 1.75×106 
 
1 
Moment (My) 6.49×106 5.99×106 6.76×106 
Axial force (N) 6.33×106 6.11×106 5.93×106 






Moment (My) 6.50×106 6.03×106 6.78×106 
1 Shear force 3.17×105 2.34×105 5.71×105 
2 Shear force 3.17×105 2.34×105 5.71×105 
3 Shear force 3.17×105 2.34×105 5.07×105 
 
Bearing 
4 Shear force 3.17×105 2.34×105 5.07×105 
1 Pounding force 2.89×106 3.34×106 4.00×106 
2 Pounding force 2.89×106 3.34×106 4.00×106 








Table 5.42 Maximum seismic displacement demand – MSS input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.237 0.366 0.323 
Column 1  0.78 0.91 0.81 Drift ratio (%) Column 2  0.79 0.91 0.81 
Bearing 1 0.065 0.075 0.153 
Bearing 2 0.065 0.075 0.153 
Bearing 3 0.065 0.075 0.073 
Maximum shear 
deformation (m) 









Table 5.43 Maximum seismic force demand – MSS input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 3.17×106 5.24×106 8.30×106 
Shear force (Vy) 8.44×106 8.07×106 8.18×106 
 
Deck 
Moment (My) 7.65×107 7.62×107 7.36×107 
Axial force (N) 6.88×106 8.10×106 5.79×106 
Shear force (Vx) 1.62×106 1.68×106 1.67×106 
 
1 
Moment (My) 6.53×106 6.70×106 6.47×106 
Axial force (N) 6.91×106 8.15×106 5.80×106 






Moment (My) 6.55×106 6.72×106 6.49×106 
1 Shear force 3.28×105 3.78×105 5.82×105 
2 Shear force 3.28×105 3.78×105 5.82×105 
3 Shear force 3.27×105 3.78×105 3.67×105 
 
Bearing 
4 Shear force 3.27×105 3.78×105 3.67×105 
1 Pounding force 1.58×106 2.70×106 4.00×106 
2 Pounding force 1.58×106 2.70×106 4.00×106 








Table 5.44 Maximum seismic displacement demand – MSS input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.238 0.374 0.314 
Column 1  0.89 1.27 1.24 Drift ratio (%) Column 2  0.89 1.27 1.24 
Bearing 1 0.074 0.103 0.151 
Bearing 2 0.074 0.103 0.151 
Bearing 3 0.074 0.103 0.092 
Maximum shear 
deformation (m) 




Table 5.45 Maximum seismic force demand – MSS input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.59×106 2.76×106 3.99×106 
Shear force (Vy) 8.49×106 8.26×106 8.22×106 
 
Deck 
Moment (My) 7.84×107 7.87×107 7.81×107 
Axial force (N) 6.80×106 7.93×106 5.83×106 
Shear force (Vx) 1.68×106 1.79×106 1.79×106 
 
1 
Moment (My) 6.71×106 7.00×106 6.99×106 
Axial force (N) 6.82×106 7.96×106 5.86×106 












Table 5.45 (continued) Maximum seismic force demand – MSS input (4 in initial gaps) 
 
1 Shear force 3.71×105 5.07×105 5.79×105 
2 Shear force 3.71×105 5.07×105 5.79×105 
3 Shear force 3.70×105 5.07×105 4.61×105 
 
Bearing 
4 Shear force 3.70×105 5.07×105 4.61×105 
1 Pounding force 0 0.08×106 1.66×106 
2 Pounding force 0 0.08×106 1.66×106 








Table 5.46 Maximum seismic displacement demand – MSS input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.240 0.377 0.332 
Column 1  0.90 1.29 1.37 Drift ratio (%) Column 2  0.90 1.29 1.37 
Bearing 1 0.075 0.104 0.149 
Bearing 2 0.075 0.104 0.149 
Bearing 3 0.075 0.104 0.094 
Maximum shear 
deformation (m) 




Table 5.47 Maximum seismic force demand – MSS input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.60×106 2.77×106 2.69×106 
Shear force (Vy) 8.53×106 8.37×106 8.26×106 
 
Deck 
Moment (My) 7.88×107 7.89×107 7.90×107 
Axial force (N) 6.78×106 7.93×106 5.84×106 
Shear force (Vx) 1.68×106 1.79×106 1.81×106 
 
1 
Moment (My) 6.73×106 7.01×106 7.07×106 
Axial force (N) 6.80×106 7.96×106 5.87×106 






Moment (My) 6.74×106 7.02×106 7.07×106 
1 Shear force 3.76×105 5.09×105 5.77×105 
2 Shear force 3.76×105 5.09×105 5.77×105 
3 Shear force 3.75×105 5.08×105 4.72×105 
 
Bearing 
4 Shear force 3.75×105 5.08×105 4.72×105 
1 Pounding force 0 0 0 
2 Pounding force 0 0 0 












Table 5.48 Maximum seismic displacement demand – SSS input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.377 0.453 0.375 
Column 1  0.49 0.40 1.17 Drift ratio (%) Column 2  0.49 0.40 1.17 
Bearing 1 0.039 0.032 0.149 
Bearing 2 0.039 0.032 0.149 
Bearing 3 0.039 0.032 0.106 
Maximum shear 
deformation (m) 




Table 5.49 Maximum seismic force demand – SSS input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 5.60×106 5.92×106 8.15×106 
Shear force (Vy) 9.04×106 8.91×106 8.11×106 
 
Deck 
Moment (My) 7.34×107 7.24×107 7.01×107 
Axial force (N) 6.22×106 6.32×106 5.80×106 
Shear force (Vx) 1.43×106 1.34×106 1.77×106 
 
1 
Moment (My) 5.63×106 5.35×106 6.85×106 
Axial force (N) 6.22×106 6.34×106 5.81×106 






Moment (My) 5.68×106 5.41×106 6.86×106 
1 Shear force 1.94×105 1.60×105 5.76×105 
2 Shear force 1.94×105 1.60×105 5.76×105 
3 Shear force 1.94×105 1.60×105 5.11×105 
 
Bearing 
4 Shear force 1.94×105 1.60×105 5.11×105 
1 Pounding force 3.06×106 3.23×106 4.00×106 
2 Pounding force 3.06×106 3.23×106 4.00×106 








Table 5.50 Maximum seismic displacement demand – SSS input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.394 0.484 0.400 
Column 1  0.86 0.97 0.79 Drift ratio (%) Column 2  0.86 0.97 0.79 
Bearing 1 0.071 0.076 0.144 
Bearing 2 0.071 0.076 0.144 
Bearing 3 0.071 0.076 0.095 
Maximum shear 
deformation (m) 









Table 5.51 Maximum seismic force demand – SSS input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 4.26×106 5.05×106 8.36×106 
Shear force (Vy) 7.82×106 7.84×106 7.94×106 
 
Deck 
Moment (My) 7.36×107 7.30×107 7.37×107 
Axial force (N) 5.79×106 6.07×106 5.81×106 
Shear force (Vx) 1.69×106 1.75×106 1.67×106 
 
1 
Moment (My) 6.58×106 6.76×106 6.51×106 
Axial force (N) 5.80×106 6.08×106 5.82×106 






Moment (My) 6.60×106 6.78×106 6.52×106 
1 Shear force 3.55×105 3.83×105 5.68×105 
2 Shear force 3.55×105 3.83×105 5.86×105 
3 Shear force 3.54×105 3.83×105 4.76×105 
 
Bearing 
4 Shear force 3.54×105 3.83×105 4.76×105 
1 Pounding force 2.18×106 2.61×106 3.11×106 
2 Pounding force 2.18×106 2.61×106 3.11×106 








Table 5.52 Maximum seismic displacement demand – SSS input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.408 0.497 0.441 
Column 1  1.32 1.37 1.37 Drift ratio (%) Column 2  1.32 1.37 1.38 
Bearing 1 0.107 0.110 0.125 
Bearing 2 0.107 0.110 0.125 
Bearing 3 0.106 0.110 0.118 
Maximum shear 
deformation (m) 




Table 5.53 Maximum seismic force demand – SSS input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.80×106 2.83×106 5.49×106 
Shear force (Vy) 7.82×106 7.67×106 7.73×106 
 
Deck 
Moment (My) 7.63×107 7.65×107 7.66×107 
Axial force (N) 5.74×106 5.76×106 5.80×106 
Shear force (Vx) 1.80×106 1.81×106 1.80×106 
 
1 
Moment (My) 7.03×106 7.05×106 7.05×106 
Axial force (N) 5.76×106 5.78×106 5.83×106 












Table 5.53 (continued) Maximum seismic force demand – SSS input (4 in initial gaps) 
 
1 Shear force 5.13×105 5.18×105 5.41×105 
2 Shear force 5.13×105 5.18×105 5.41×105 
3 Shear force 5.12×105 5.18×105 5.30×105 
 
Bearing 
4 Shear force 5.12×105 5.18×105 5.30×105 
1 Pounding force 0.51×106 0.93×106 2.60×106 
2 Pounding force 0.51×106 0.93×106 2.60×106 








Table 5.54 Maximum seismic displacement demand – SSS input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.410 0.500 0.439 
Column 1  1.39 1.47 1.57 Drift ratio (%) Column 2  1.39 1.47 1.57 
Bearing 1 0.112 0.118 0.145 
Bearing 2 0.112 0.118 0.145 
Bearing 3 0.112 0.118 0.132 
Maximum shear 
deformation (m) 




Table 5.55 Maximum seismic force demand – SSS input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.79×106 2.82×106 2.76×106 
Shear force (Vy) 7.87×106 7.69×106 7.75×106 
 
Deck 
Moment (My) 7.64×107 7.66×107 7.70×107 
Axial force (N) 5.77×106 5.78×106 5.89×106 
Shear force (Vx) 1.81×106 1.82×106 1.84×106 
 
1 
Moment (My) 7.06×106 7.10×106 7.15×106 
Axial force (N) 5.78×106 5.80×106 5.90×106 






Moment (My) 7.07×106 7.11×106 7.16×106 
1 Shear force 5.21×105 5.30×105 5.70×105 
2 Shear force 5.21×105 5.30×105 5.70×105 
3 Shear force 5.21×105 5.30×105 5.50×105 
 
Bearing 
4 Shear force 5.21×105 5.30×105 5.50×105 
1 Pounding force 0 0 0 
2 Pounding force 0 0 0 








The maximum seismic demand listed in the aforementioned tables is presented in Figs. 5.2-5.7, 
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BEST WORST SV  
(b1) Column no. 1 upper end rotational ductility 
demand 














































BEST WORST SV  
(c1) Column no. 2 upper end rotational ductility 
demand 
 











































BEST WORST SV  
(d1) Bearing no. 1 shear deformation 
 
 











































BEST WORST SV  
(d3) Bearing no. 3 shear deformation 
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BEST WORST SV  
(h1) Shear force demand of bearing no. 1 
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BEST WORST SV  
(j3) Pounding force of gap element no. 3 (j4) Pounding force of gap element no. 4 
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BEST WORST SV  
(b1) Column no. 1 upper end rotational ductility 
demand 














































BEST WORST SV  
(c1) Column no. 2 upper end rotational ductility 
demand 
 












































BEST WORST SV  
(d1) Bearing no. 1 shear deformation 
 










































BEST WORST SV  
(d3) Bearing no. 3 shear deformation 
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BEST WORST SV  
(h1) Shear force demand of bearing no. 1 
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BEST WORST SV  
(j3) Pounding force of gap element no. 3 (j4) Pounding force of gap element no. 4 
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BEST WORST SV  
(b1) Column no. 1 upper end rotational ductility 
demand 
 














































BEST WORST SV  
(c1) Column no. 2 upper end rotational ductility 
demand 
 











































BEST WORST SV  
(d1) Bearing no. 1 shear deformation 
 










































BEST WORST SV  
(d3) Bearing no. 3 shear deformation 
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BEST WORST SV  
(h1) Shear force demand of bearing no. 1 
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BEST WORST SV  
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Figure 5.7 Maximum response of bridge no.1 under SSS input – OPENSEES results 
 
 
5.4 Seismic damage behavior of the pier columns  
 
The results given by DRAIN-3DX under the aforementioned earthquake scenarios were 
employed to predict the seismic damage behavior of the pier columns, which is evaluated using 
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the modified damage index (Eqn. (2.2)). In this study, uθ , rθ  and My are obtained from moment-
curvature analysis of the column section using USC_RC.  For β , its median value, 0.15, is used 
(Cosenza et al., 1990). The results are presented in Figs. A.31-A.33. 
To be clearer, the contribution of monotonic loading and hysteric energy to the damage index are 
plotted separately for each scenario, as shown in Figs. A.34-A.36. 
 
5.5 Discussion of the analysis results 
 
5.5.1 Linear analysis 
It is noted that, for bridge no. 1, only one displacement time history was applied at the supports of 
intermediate bent columns for all the analysis of ground motion input scenarios because the 
supports at the ends of the bridge are rollers in the linear analysis. Therefore, if the displacement 
at the location of intermediate bent is the one with either smallest or largest peak value, it is also 
the one for the BEST or WORST case scenario input. 
For the HSS condition, it can be seen that the peak value of the BEST case scenario time history 
(TH1 in Fig. 5.1 (i)) is much smaller that of the WORST case scenario or the SV case scenario 
(TH2 in Fig. 5.1 (i)). The response induced by the BEST case scenario is much smaller than that 
under the WORST or SV case scenario input (Fig. 5.2; Tables 5.2 – 5.3). The input time history of 
the WORST case scenario is the same as that of the SV case scenario. 
For the MSS condition, the difference of the peak values of the three scenarios is much smaller 
than that of the HSS condition (Fig. 5.1 (ii)). As a result, the difference between the results of the 
three scenarios is also much smaller than that of the HSS condition (Fig. 5.3; Tables 5.4 – 5.5). 
Though some seismic demand values (e.g. deck shear force demand) given by the WORST case 
scenario are smaller than those of the SV case scenario, the differences can be neglected. And 
thus, the WORST case scenario can predict a conservative seismic demand for the bridge. 
For the SSS condition, the peak values of the three time histories are close to each other (Fig. 5.1 
(iii)), and similarly, the maximum seismic demand induced. It is noted that the results showed that 
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the BEST case scenario can also predict the largest seismic demand though the difference is 
smaller than 5%, typically (Fig. 5.4; Tables 5.6 – 5.7). 
The linear analysis results of bridge no. 1 subjected to the input scenarios show that the WORST 
case scenario may be used to predict the seismic demand for the bridge, though it cannot always 
yield largest demand. However, as discussed in Chapter 5, the linear analysis cannot predict 
reliable results of the bridge systems under the input scenarios.  
 
5.5.2 Nonlinear analysis  
Unlike the linear analysis, all three time histories are used as inputs in the nonlinear analysis. 
For the nonlinear analysis results, it can be seen that the fiber model (OPENSEES) and the 
plastic hinge model (DRAIN-3DX) can predict similar trend of the seismic response of the bridge 
(Figs. A.7-A.30; Tables 5.8 - 5.55; Figs. 5.2 - 5.7); however, sometimes, the difference of the 
seismic demand given by the two models can be very large, especially for the pounding forces 
between the ends of the superstructure of the bridge and the abutments (see, e.g. Figs. 5.4 and 
5.7).  
For the HSS condition, it is observed that the SV case scenario can predict the largest seismic 
demand for almost all the components of the bridge, and in many cases, the response given by 
the SV case scenario can be more than three times larger than that by the WORST case scenario 
(Figs. A.7-A.10; Figs. A.19-A.22; Fig. 5.2; Fig. 5.5; Tables 5.8-5.15; Tables 5.32-5.39), e.g., for 
the rotational ductility demand of column no.1 upper end, the SV case scenario predicted by 
DRAIN-3DX a value which is 280% larger than that given by the WORST case scenario for zero 
initial gaps; for the drift ratio of column no.1, OPENSEES yielded a 251% higher result for the SV 
input motions than the WORST case scenario for zero initial gaps; for the shear force of column 
no.1, the SV case scenario gave 34% and 19% larger values than those of the WORST case 
scenario, using DRAIN-3DX and OPENSEES, respectively; the SV case scenario yielded 64% 
and 87% higher maximum seismic demand for the axial force of the bridge deck than the WORST 
case scenario for 0.051-m (2-in) initial gaps, respectively, by DRAIN-3DX and OPENSEES; for 
the deformation of bearing no. 1, DRAIN-3DX and OPENSEES predicted, respectively, 305% and 
265% higher demand for the SV case scenario than the WORST case scenario for 0.051-m (2-in) 
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initial gaps; for the shear force of bearing no. 1, DRAIN-3DX and OPENSEES predicted, 
respectively, 118% and 96% larger response for the SV case scenario than the WORST case 
scenario for 0.051-m (2-in) initial gaps; no pounding force exists for the cases of 0.102-m (4-in) 
and 0.152-m (6-in) initial gaps under the WORST case scenario input, however, it still exists for 
the SV case scenario at one end of the bridge deck, and, accordingly, results in much higher axial 
force demand for the deck of the bridge when subjected to spatially variable excitations.  
For the MSS condition, again, the SV case scenario can predict the largest seismic demand for 
almost all the components of the bridge. However, the difference between the response given by 
the SV case scenarios and that by the WORST case scenarios is typically smaller than that of the 
HSS condition (Figs. A.11-A.14; Figs. A.23-A.26; Fig. 5.3; Fig. 5.6; Tables 5.16-5.23; Tables 
5.40-5.47), e.g., again, for the rotational ductility demand of the upper end of column no.1, the SV 
case scenario predicted by DRAIN-3DX resulted in a value which is 181% larger than that 
resulted from the WORST case scenario for zero initial gaps; for the drift ratio of column no.1, 
OPENSEES yielded a 83% higher result for the SV input ground motions than the WORST case 
scenario for zero initial gaps; the SV case scenario gave 58% and 14% larger values for the 
shear force of column no.1 than those of the WORST case scenario, using DRAIN-3DX and 
OPENSEES, respectively; the SV case scenario yielded 17% and 58% higher maximum seismic 
demand, respectively, for the axial force of the bridge deck than the WORST case scenario for 
0.051-m (2-in) initial gaps by DRAIN-3DX and OPENSEES; DRAIN-3DX and OPENSEES 
produced, respectively, 69% and 104% higher demand for the deformation of bearing no. 1 under 
the SV case scenario than the WORST case scenario for 0.051-m (2-in) initial gaps; DRAIN-3DX 
and OPENSEES predicted, respectively, 34% and 54% larger seismic response of the shear 
force of bearing no. 1 for the SV case scenario than the WORST case scenario for 0.051-m (2-in) 
initial gaps; and the pounding forces predicted by DRAIN-3DX and OPENSEES for the bridge 
subjected to the spatially variable ground motions are generally larger than the uniform motions.  
For the SSS condition, still, the SV case scenario predicts the largest seismic demand for almost 
all the components of the bridge, though the differences between the response given by the SV 
case scenarios and that by the WORST case scenarios under SSS condition are typically smaller 
than those of the MSS condition (Figs. A.15-A.18; Figs. A.27-A.30; Fig. 5.4; Fig. 5.7; Tables 5.24-
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5.31; Tables 5.48-5.55), e.g., again, for the rotational ductility demand of the upper end of column 
no.1, the SV case scenario predicted by DRAIN-3DX a value which is 128% larger than that given 
by the WORST case scenario for zero initial gaps; regarding the drift ratio of column no.1, 
OPENSEES produced a 193% higher result for the SV input motions than the WORST case 
scenario for zero initial gaps; the SV case scenario gave 54% and 32% larger values for the 
shear forces of column no.1 than those of the WORST case scenario, using DRAIN-3DX and 
OPENSEES, respectively; for the axial force of the bridge deck, the SV case scenario yielded 2% 
and 66% larger maximum seismic demand than the WORST case scenario for 0.051-m (2-in) 
initial gaps, respectively, by DRAIN-3DX and OPENSEES; for the shear deformation of bearing 
no. 1, DRAIN-3DX and OPENSEES predicted 15% and 89% higher seismic demand, respectively, 
for the SV case scenario than the WORST case scenario for 0.051-m (2-in) initial gaps; for the 
shear force of bearing no. 1, DRAIN-3DX and OPENSEES yielded, respectively, 12% and 48% 
larger response for the SV case scenario than the WORST case scenario for 0.051-m (2-in) initial 
gaps; and similarly, the pounding forces that the spatially variable ground motions predicted are 
larger than those induced by the uniform motions. 
From the nonlinear analysis results, the following conclusion can be reached: 
(1) the spatially variable ground motions can yield the largest response of the bridge; the WORST 
case scenarios uniform excitation cannot always predict conservative seismic demand, and the 
BEST case scenarios yield smaller response than the other two in general;  
(2) the differences in the response of the bridge components induced by the three scenarios are 
typically reduced when the local soil conditions at the supports of the bridge are changing from 
HSS condition to MSS condition, and then to SSS condition; 
(3) generally, the differences in the response of the bridge components induced by the three 
scenarios are becoming smaller as the initial gaps at the ends of the bridge become larger; 
(4) the seismic damage indices of the pier columns (Figs. A.31-A.33) suggest that the SV case 
scenario can generally induce more serious damage in the bridge columns; additionally, the SV 
case scenario with initial gaps of 0.102 m (4 in) can cause the most serious damage of the 
columns among all the scenarios analyzed under the HSS condition, while for the MSS and SSS 
condition, the most serious damage of the pier columns occurs under the condition with 0.152-m 
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(6-in) initial gaps. For all scenarios, the most detrimental damage occurs under the SSS condition 
with 0.152-m (6-in) initial gaps; the degree of damage of all three columns of the bridge are very 




Chapter 6. Seismic Response of the Skewed Highway Bridge 
 
6.1 Ground motion generation 
Same as bridge no. 1, the ground motions for bridge no. 4 are generated by Liao and Zerva 
(2006), using technique proposed by Deodatis (1996) and Saxena et al. (2000) with the 
coherency model of Harichandran and Vanmarcke (1986) representing again the incoherency 
in the motions. 
Similarly, three sets of displacement time histories were generated with the bridge supports 
located at variable soil conditions. In the first case, abutment A was considered to be located 
on “hard” soil conditions, bents 1 and 2 on soft soil conditions, and abutment B on hard soil 
conditions. These time histories, denoted as HSSH input (Table 6.1) are presented in Fig. 6.1(i). 
In this subfigure and the following subfigures of Fig. 6.1, TH1 will indicate the time history at 
abutment A, TH2 the time history at bent 1, TH3 the time history at bent 2 and TH4 the time 
history at abutment B. In the second case (MSSM input in Table 6.1), abutment A was 
considered to be located on medium soil conditions, bents 1 and 2 on soft soil conditions, and 
abutment B on soft soil conditions; these time histories are presented in Fig. 6.1(ii). In the last 
case (SSSS input in Table 6.1), all bridge supports were considered to be located on soft soil 
conditions and the corresponding time histories are presented in Fig. 6.1(iii).  
 
 
Table 6.1 Different sets of local soil condition at the bridge’s supports considered  
 
HSSH input MSSM input SSSS input 
Abutment A – hard soil  
Bent 1 – soft soil  
Bent 2 – soft soil 
Abutment B – hard soil  
Abutment A – medium soil  
Bent 1 – soft soil  
Bent 2 – soft soil 
Abutment B – medium soil 
Abutment A – soft soil  
Bent 1 – soft soil  
Bent 2 – soft soil 
Abutment B – soft soil 
 
 
As for the straight bridge, for each spatially variable input excitation, two uniforms ones were 
considered: From the spatially variable ground motions of each of the subfigures in Fig. 6.1, the 
ground motion with the largest peak displacement is used as input motion for the “worst-case” 
scenario of uniform excitations, and the displacement time history with the smallest peak value 
is used as the input motion for the “best-case” scenario of uniform excitations. 
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As for bridge no. 1, parametric studies were also conducted for different gap sizes at the ends 
of the bridge to investigate this effect on the nonlinear seismic response of the structure. As for 
bridge no. 1, Rayleigh damping with a ratio of 5% was utilized in all evaluations. 
 
 





























(i) hard-soft-soft-hard condition 
 





























(ii) medium-soft-soft-medium condition 
 





























(iii) soft-soft-soft-soft condition 
 
 
Figure 6.1 Simulated ground motions for bridge no. 4 
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6.2 Linear seismic response  
 
Both seismic displacement demand and force demand are compared for the seismic response 
analysis results of the bridge subjected to spatially variable ground motions and uniform 
excitations. Same as Chapter 5, in all the figures and tables, “BEST” denotes response 
quantities induced by the best-case scenario uniform motions, i.e., the identical time history 
input with the smallest peak displacement; “WORST” by the worst-case scenario uniform 
motions, i.e., the identical time history input with the largest peak displacement; and “SV” by 
spatially variable input motions. Figs. B.1-B.3 present the absolute seismic demand envelopes 
of the response of deck and bridge columns. Tables 6.2-6.7 show the maximum seismic 
displacement demand and force demand of bridge deck and columns imposed by the seismic 
input scenarios using ANSYS. 
Figures B.4-B.6 present the axial force–moment interaction curves of the section at the top of 
pier columns under the ground motion input scenarios. The comparison of Figs. B.4-B.6 with 
Fig. 4.17(b) shows that the seismic demand predicted by all the scenarios far exceeds the 
capacity of the columns. Therefore, nonlinear behavior took place for all the ground motion 
inputs. Thus, the linear analysis cannot predict reliable seismic demand for the bridge, which 
makes the nonlinear inelastic analysis necessary. 
 
 
Table 6.2 Maximum seismic displacement demand – HSSH input 
 
 BEST WORST SV 
Max. deck displacement (m) 0.168 0.392 0.400 
Column no. 1 0.62 1.28 1.36 
Column no. 2 0.62 1.28 1.37 
Column no. 3 0.63 1.29 1.29 
Drift ratio (%) 




Table 6.3 Maximum seismic force demand – HSSH input 
 
 BEST WORST SV 
Axial Force 1.43×106 2.93×106 2.74×106 
Shear Force 4.10×106 4.61×106 4.62×106 Deck 






Table 6.3 (continued) Maximum seismic force demand – HSSH input 
 
Axial Force 4.73×106 5.06×106 5.26×106 
Shear Force 1.16×106 2.41×106 2.55×106 1 
Moment 0.70×107 1.46×107 1.54×107 
Axial Force 4.00×106 4.10×106 4.43×106 
Shear Force 1.17×106 2.43×106 2.57×106 2 
Moment 0.71×107 1.47×107 1.55×107 
Axial Force 3.96×106 4.07×106 4.36×106 
Shear Force 1.22×106 2.47×106 2.45×106 3 
Moment 0.74×107 1.50×107 1.49×107 
Axial Force 4.66×106 5.10×106 5.20×106 
Shear Force 1.21×106 2.46×106 2.45×106 
Column 
4 




Table 6.4 Maximum seismic displacement demand – MSSM input 
 
 BEST WORST SV 
Max. deck displacement (m) 0.266 0.429 0.416 
Column no. 1 0.94 1.16 1.24 
Column no. 2 0.94 1.16 1.24 
Column no. 3 0.95 1.17 1.31 
Drift ratio (%) 




Table 6.5 Maximum seismic force demand – MSSM input 
 
 BEST WORST SV 
Axial Force 2.15×106 2.65×106 2.66×106 
Shear Force 4.35×106 4.52×106 4.52×106 Deck 
Moment 3.55×107 3.86×107 3.94×107 
Axial Force 5.02×106 5.02×106 5.17×106 
Shear Force 1.76×106 2.19×106 2.36×106 1 
Moment 1.07×107 1.32×107 1.43×107 
Axial Force 4.00×106 4.09×106 4.38×106 
Shear Force 1.77×106 2.20×106 2.37×106 
2 
Moment 1.07×107 1.33×107 1.44×107 
Axial Force 4.06×106 4.02×106 4.47×106 
Shear Force 1.82×106 2.24×106 2.50×106 
3 
Moment 1.10×107 1.36×107 1.52×107 
Axial Force 4.95×106 5.10×106 5.17×106 
Shear Force 1.81×106 2.23×106 2.49×106 
Column 
4 









Table 6.6 Maximum seismic displacement demand – SSSS input 
 
 BEST WORST SV 
Max. deck displacement (m) 0.374 0.383 0.378 
Column no. 1 1.26 1.24 1.26 
Column no. 2 1.27 1.24 1.27 
Column no. 3 1.27 1.25 1.24 
Drift ratio (%) 




Table 6.7 Maximum seismic force demand – SSSS input 
 
 BEST WORST SV 
Axial Force 2.89×106 2.84×106 2.76×106 
Shear Force 4.62×106 4.59×106 4.59×106 Deck 
Moment 4.05×107 4.00×107 3.96×107 
Axial Force 5.03×106 5.00×106 5.10×106 
Shear Force 2.37×106 2.33×106 2.33×106 1 
Moment 1.44×107 1.41×107 1.42×107 
Axial Force 4.08×106 4.07×106 4.69×106 
Shear Force 2.38×106 2.34×106 2.34×106 
2 
Moment 1.45×107 1.42×107 1.42×107 
Axial Force 4.08×106 4.06×106 4.40×106 
Shear Force 2.43×106 2.39×106 2.33×106 
3 
Moment 1.48×107 1.45×107 1.41×107 
Axial Force 5.21×106 5.15×106 5.16×106 
Shear Force 2.42×106 2.38×106 2.32×106 
Column 
4 




6.3 Nonlinear seismic response  
 
 
Both the plastic hinge model and the fiber element model are employed to predict the nonlinear 
seismic response of the bridge using DRAIN-3DX and OPENSEES, respectively. Figs. B.7-B.18 
show the results given by DRAIN-3DX and Figs. B.19-B.30 the results by OPENSEES. Tables 6.8-
6.31 and Tables 6.32-6.55 show the maximum seismic demand given by DRAIN-3DX and 















Table 6.8 Maximum seismic displacement demand – HSSH input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.124 0.373 0.208 
Column 1  0.61 0.97 2.63 
Column 2  0.60 0.98 2.61 
Column 3  0.63 0.94 2.68 
Rotational ductility 
demand 
Column 4  0.60 0.95 2.70 
Bearing 1 0.034 0.050 0.179 
Bearing 2 0.034 0.050 0.179 
Bearing 3 0.031 0.053 0.190 
Maximum shear 
deformation (m) 




Table 6.9 Maximum seismic force demand – HSSH input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 3.20×106 3.99×106 4.51×106 
Shear force (Vy) 3.30×106 3.48×106 3.65×106 
 
Deck 
Moment (My) 2.67×107 2.99×107 3.14×107 
Axial force (N) 4.60×106 4.82×106 4.77×106 
Shear force (Vx) 0.75×106 1.19×106 1.30×106 
 
1 
Moment (My) 4.49×106 7.12×106 7.90×106 
Axial force (N) 3.98×106 4.05×106 4.25×106 
Shear force (Vx) 0.74×106 1.20×106 1.31×106 
 
2 
Moment (My) 4.45×106 7.18×106 7.91×106 
Axial force (N) 3.96×106 4.05×106 4.34×106 
Shear force (Vx) 0.78×106 1.16×106 1.28×106 
 
3 
Moment (My) 4.67×106 6.94×106 7.72×106 
Axial force (N) 4.63×106 4.77×106 4.75×106 











Moment (My) 4.61×106 7.01×106 7.72×106 
1 Shear force 0.91×105 1.45×105 2.26×105 
2 Shear force 0.91×105 1.45×105 2.26×105 
3 Shear force 0.82×105 1.36×105 2.35×105 
 
Bearing 
4 Shear force 0.81×105 1.34×105 2.36×105 
1 Pounding force 1.73×106 2.41×106 2.41×106 
2 Pounding force 1.76×106 2.41×106 2.41×106 














Table 6.10 Maximum seismic displacement demand – HSSH input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.118 0.384 0.230 
Column 1  0.82 2.37 2.46 
Column 2  0.82 2.37 2.46 
Column 3  0.80 2.46 1.86 
Rotational ductility 
demand 
Column 4  0.80 2.42 1.86 
Bearing 1 0.044 0.082 0.183 
Bearing 2 0.044 0.083 0.184 
Bearing 3 0.044 0.080 0.193 
Maximum shear 
deformation (m) 




Table 6.11 Maximum seismic force demand – HSSH input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.03×106 2.99×106 4.45×106 
Shear force (Vy) 3.41×106 3.59×106 3.59×106 
 
Deck 
Moment (My) 2.87×107 3.12×107 3.10×107 
Axial force (N) 4.61×106 4.82×106 4.74×106 
Shear force (Vx) 1.00×106 1.28×106 1.27×106 
 
1 
Moment (My) 6.05×106 7.55×106 7.55×106 
Axial force (N) 3.91×106 4.05×106 4.44×106 
Shear force (Vx) 1.00×106 1.28×106 1.27×106 
 
2 
Moment (My) 6.06×106 7.55×106 7.55×106 
Axial force (N) 3.92×106 4.10×106 4.44×106 
Shear force (Vx) 0.97×106 1.28×106 1.26×106 
 
3 
Moment (My) 5.87×106 7.56×106 7.47×106 
Axial force (N) 4.56×106 4.81×106 4.70×106 











Moment (My) 5.85×106 7.55×106 7.47×106 
1 Shear force 1.11×105 1.51×105 2.26×105 
2 Shear force 1.12×105 1.52×105 2.27×105 
3 Shear force 1.12×105 1.49×105 2.33×105 
 
Bearing 
4 Shear force 1.11×105 1.48×105 2.33×105 
1 Pounding force 0 0.41×106 2.41×106 
2 Pounding force 0 0.44×106 2.41×106 








Table 6.12 Maximum seismic displacement demand – HSSH input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.120 0.399 0.259 
Column 1  0.87 2.72 1.98 
Column 2  0.87 2.73 1.98 
Column 3  0.85 2.81 2.32 
Rotational ductility 
demand 
Column 4  0.85 2.80 2.30 
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Table 6.12 (continued) Maximum seismic displacement demand – HSSH input (4 in initial gaps) 
 
Bearing 1 0.047 0.088 0.208 
Bearing 2 0.047 0.088 0.209 
Bearing 3 0.047 0.088 0.219 
Maximum shear 
deformation (m) 




Table 6.13 Maximum seismic force demand – HSSH input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.09×106 1.32×106 4.50×106 
Shear force (Vy) 3.44×106 3.63×106 3.59×106 
 
Deck 
Moment (My) 2.92×107 3.13×107 3.08×107 
Axial force (N) 4.64×106 4.85×106 4.73×106 
Shear force (Vx) 1.06×106 1.28×106 1.26×106 
 
1 
Moment (My) 6.41×106 7.58×106 7.49×106 
Axial force (N) 3.92×106 4.05×106 4.37×106 
Shear force (Vx) 1.06×106 1.28×106 1.26×106 
 
2 
Moment (My) 6.43×106 7.58×106 7.49×106 
Axial force (N) 3.93×106 4.10×106 4.43×106 
Shear force (Vx) 1.03×106 1.28×106 1.28×106 
 
3 
Moment (My) 6.23×106 7.59×106 7.54×106 
Axial force (N) 4.59×106 4.79×106 4.73×106 











Moment (My) 6.21×106 7.59×106 7.53×106 
1 Shear force 1.17×105 1.55×105 2.45×105 
2 Shear force 1.18×105 1.55×105 2.46×105 
3 Shear force 1.19×105 1.55×105 2.53×105 
 
Bearing 
4 Shear force 1.18×105 1.55×105 2.53×105 
1 Pounding force 0 0 2.41×106 
2 Pounding force 0 0 2.41×106 








Table 6.14 Maximum seismic displacement demand – HSSH input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.122 0.401 0.358 
Column 1  0.90 2.80 2.44 
Column 2  0.90 2.80 2.45 
Column 3  0.88 2.89 2.00 
Rotational ductility 
demand 
Column 4  0.87 2.88 1.99 
Bearing 1 0.048 0.089 0.189 
Bearing 2 0.049 0.090 0.189 
Bearing 3 0.049 0.090 0.191 
Maximum shear 
deformation (m) 





Table 6.15 Maximum seismic force demand – HSSH input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.13×106 1.32×106 4.40×106 
Shear force (Vy) 3.45×106 3.64×106 3.60×106 
 
Deck 
Moment (My) 2.95×107 3.13×107 3.10×107 
Axial force (N) 4.65×106 4.86×106 4.82×106 
Shear force (Vx) 1.09×106 1.28×106 1.28×106 
 
1 
Moment (My) 6.62×106 7.59×106 7.55×106 
Axial force (N) 3.92×106 4.06×106 4.12×106 
Shear force (Vx) 1.10×106 1.28×106 1.28×106 
 
2 
Moment (My) 6.64×106 7.59×106 7.55×106 
Axial force (N) 3.94×106 4.10×106 4.13×106 
Shear force (Vx) 1.06×106 1.28×106 1.27×106 
 
3 
Moment (My) 6.45×106 7.60×106 7.49×106 
Axial force (N) 4.61×106 4.80×106 4.79×106 











Moment (My) 6.43×106 7.60×106 7.49×106 
1 Shear force 1.22×105 1.56×105 2.31×105 
2 Shear force 1.22×105 1.56×105 2.31×105 
3 Shear force 1.23×105 1.56×105 2.32×105 
 
Bearing 
4 Shear force 1.22×105 1.56×105 2.32×105 
1 Pounding force 0 0 2.16×106 
2 Pounding force 0 0 2.23×106 








Table 6.16 Maximum seismic displacement demand – MSSM input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.231 0.328 0.186 
Column 1  0.96 0.90 1.29 
Column 2  0.95 0.89 1.29 
Column 3  0.99 0.92 1.55 
Rotational ductility 
demand 
Column 4  0.98 0.91 1.54 
Bearing 1 0.054 0.050 0.128 
Bearing 2 0.054 0.050 0.128 
Bearing 3 0.049 0.046 0.099 
Maximum shear 
deformation (m) 




Table 6.17 Maximum seismic force demand – MSSM input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 3.99×106 3.98×106 4.34×106 
Shear force (Vy) 3.49×106 3.44×106 3.54×106 
 
Deck 





Table 6.17 (continued) Maximum seismic force demand – MSSM input (0 in initial gaps) 
 
Axial force (N) 4.74×106 4.72×106 4.68×106 
Shear force (Vx) 1.18×106 1.10×106 1.25×106 
 
1 
Moment (My) 7.08×106 6.61×106 7.56×106 
Axial force (N) 4.03×106 4.06×106 4.17×106 
Shear force (Vx) 1.17×106 1.09×106 1.25×106 
 
2 
Moment (My) 7.01×106 6.53×106 7.55×106 
Axial force (N) 4.00×106 4.01×106 4.23×106 
Shear force (Vx) 1.21×106 1.13×106 1.27×106 
 
3 
Moment (My) 7.26×106 6.78×106 7.62×106 
Axial force (N) 4.82×106 4.80×106 4.87×106 











Moment (My) 7.18×106 6.72×106 7.61×106 
1 Shear force 1.34×105 1.20×105 1.83×105 
2 Shear force 1.34×105 1.19×105 1.83×105 
3 Shear force 1.29×105 1.14×105 1.60×105 
 
Bearing 
4 Shear force 1.28×105 1.15×105 1.60×105 
1 Pounding force 2.41×106 2.41×106 2.41×106 
2 Pounding force 2.41×106 2.41×106 2.41×106 








Table 6.18 Maximum seismic displacement demand – MSSM input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.244 0.368 0.315 
Column 1  1.18 2.26 3.55 
Column 2  1.19 2.28 3.53 
Column 3  1.27 2.20 2.56 
Rotational ductility 
demand 
Column 4  1.25 2.20 2.56 
Bearing 1 0.059 0.076 0.165 
Bearing 2 0.059 0.076 0.165 
Bearing 3 0.058 0.079 0.114 
Maximum shear 
deformation (m) 




Table 6.19 Maximum seismic force demand – MSSM input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.62×106 2.67×106 4.34×106 
Shear force (Vy) 3.55×106 3.60×106 3.63×106 
 
Deck 
Moment (My) 3.07×107 3.13×107 3.07×107 
Axial force (N) 4.70×106 4.81×106 4.83×106 
Shear force (Vx) 1.24×106 1.27×106 1.29×106 
 
1 
Moment (My) 7.39×106 7.53×106 7.69×106 
Axial force (N) 3.98×106 4.11×106 4.23×106 









Moment (My) 7.39×106 7.53×106 7.68×106 
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Table 6.19 (continued) Maximum seismic force demand – MSSM input (2 in initial gaps) 
 
Axial force (N) 4.00×106 4.05×106 4.24×106 
Shear force (Vx) 1.24×106 1.27×106 1.27×106 
 
3 
Moment (My) 7.40×106 7.52×106 7.56×106 
Axial force (N) 4.70×106 4.80×106 4.75×106 





Moment (My) 7.40×106 7.52×106 7.56×106 
1 Shear force 1.33×105 1.46×105 2.13×105 
2 Shear force 1.33×105 1.47×105 2.13×105 
3 Shear force 1.32×105 1.49×105 1.75×105 
 
Bearing 
4 Shear force 1.32×105 1.49×105 1.73×105 
1 Pounding force 0.14×106 1.54×106 2.41×106 
2 Pounding force 0.17×106 1.61×106 2.41×106 








Table 6.20 Maximum seismic displacement demand – MSSM input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.248 0.332 0.332 
Column 1  1.38 3.22 3.03 
Column 2  1.39 3.23 3.04 
Column 3  1.46 3.15 2.14 
Rotational ductility 
demand 
Column 4  1.46 3.14 2.13 
Bearing 1 0.062 0.096 0.168 
Bearing 2 0.063 0.097 0.169 
Bearing 3 0.063 0.097 0.164 
Maximum shear 
deformation (m) 




Table 6.21 Maximum seismic force demand – MSSM input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.29×106 1.32106 3.32×106 
Shear force (Vy) 3.55×106 3.60×106 3.56×106 
 
Deck 
Moment (My) 3.07×107 3.13×107 3.07×107 
Axial force (N) 4.71×106 4.82×106 4.77×106 
Shear force (Vx) 1.25×106 1.29×106 1.29×106 
 
1 
Moment (My) 7.41×106 7.65×106 7.62×106 
Axial force (N) 3.99×106 4.02×106 4.13×106 
Shear force (Vx) 1.25×106 1.29×106 1.29×106 
 
2 
Moment (My) 7.41×106 7.65×106 7.63×106 
Axial force (N) 3.97×106 4.05×106 4.13×106 
Shear force (Vx) 1.25×106 1.29×106 1.27×106 
 
3 
Moment (My) 7.42×106 7.64×106 7.50×106 
Axial force (N) 4.69×106 4.73×106 4.74×106 











Moment (My) 7.42×106 7.64×106 7.50×106 
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Table 6.21 (continued) Maximum seismic force demand – MSSM input (4 in initial gaps) 
 
1 Shear force 1.35×105 1.62×105 2.16×105 
2 Shear force 1.36×105 1.62×105 2.16×105 
3 Shear force 1.36×105 1.62×105 2.12×105 
 
Bearing 
4 Shear force 1.35×105 1.62×105 2.12×105 
1 Pounding force 0 0 1.73×106 
2 Pounding force 0 0 1.80×106 








Table 6.22 Maximum seismic displacement demand – MSSM input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.251 0.332 0.327 
Column 1  1.50  3.30 2.93 
Column 2  1.50 3.31 2.94 
Column 3  1.58 3.23 2.96 
Rotational ductility 
demand 
Column 4  1.57 3.23 2.97 
Bearing 1 0.065 0.098 0.146 
Bearing 2 0.065 0.098 0.147 
Bearing 3 0.065 0.098 0.183 
Maximum shear 
deformation (m) 




Table 6.23 Maximum seismic force demand – MSSM input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.29×106 1.32106 1.38×106 
Shear force (Vy) 3.55×106 3.60×106 3.56×106 
 
Deck 
Moment (My) 3.07×107 3.13×107 3.09×107 
Axial force (N) 4.71×106 4.83×106 4.76×106 
Shear force (Vx) 1.25×106 1.29×106 1.28×106 
 
1 
Moment (My) 7.43×106 7.66×106 7.61×106 
Axial force (N) 3.99×106 4.03×106 4.18×106 
Shear force (Vx) 1.25×106 1.29×106 1.28×106 
 
2 
Moment (My) 7.43×106 7.66×106 7.61×106 
Axial force (N) 3.98×106 4.06×106 4.18×106 
Shear force (Vx) 1.25×106 1.29×106 1.29×106 
 
3 
Moment (My) 7.44×106 7.65×106 7.62×106 
Axial force (N) 4.69×106 4.73×106 4.77×106 











Moment (My) 7.44×106 7.65×106 7.62×106 
1 Shear force 1.37×105 1.64×105 1.98×105 
2 Shear force 1.37×105 1.64×105 1.98×105 
3 Shear force 1.37×105 1.64×105 2.26×105 
 
Bearing 





Table 6.23 (continued) Maximum seismic force demand – MSSM input (6 in initial gaps) 
 
1 Pounding force 0 0 0 
2 Pounding force 0 0 0 








Table 6.24 Maximum seismic displacement demand – SSSS input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.339 0.333 0.314 
Column 1  0.96 0.97 2.11 
Column 2  0.97 0.99 2.09 
Column 3  0.94 0.95 2.11 
Rotational ductility 
demand 
Column 4  0.95 0.96 2.08 
Bearing 1 0.051 0.049 0.055 
Bearing 2 0.051 0.050 0.055 
Bearing 3 0.053 0.054 0.068 
Maximum shear 
deformation (m) 




Table 6.25 Maximum seismic force demand – SSSS input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 3.99×106 3.98×106 4.19×106 
Shear force (Vy) 3.48×106 3.49×106 3.60×106 
 
Deck 
Moment (My) 2.99×107 3.01×107 3.13×107 
Axial force (N) 4.77×106 4.78×106 4.79×106 
Shear force (Vx) 1.18×106 1.20×106 1.32×106 
 
1 
Moment (My) 7.08×106 7.17×106 7.93×106 
Axial force (N) 4.01×106 4.03×106 4.44×106 
Shear force (Vx) 1.19×106 1.21×106 1.32×106 
 
2 
Moment (My) 7.15×106 7.25×106 7.93×106 
Axial force (N) 4.01×106 3.99×106 4.36×106 
Shear force (Vx) 1.15×106 1.17×106 1.32×106 
 
3 
Moment (My) 6.95×106 7.02×106 7.94×106 
Axial force (N) 4.77×106 4.78×106 4.85×106 











Moment (My) 6.96×106 7.06×106 7.93×106 
1 Shear force 1.28×105 1.29×105 1.29×105 
2 Shear force 1.28×105 1.28×105 1.29×105 
3 Shear force 1.28×105 1.20×105 1.40×105 
 
Bearing 
4 Shear force 1.28×105 1.20×105 1.40×105 
1 Pounding force 2.41×106 2.41×106 2.41×106 
2 Pounding force 2.41×106 2.41×106 2.41×106 









Table 6.26 Maximum seismic displacement demand – SSSS input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.373 0.376 0.360 
Column 1  1.75 1.99 3.04 
Column 2  1.83 1.99 3.05 
Column 3  1.75 2.08 1.34 
Rotational ductility 
demand 
Column 4  1.81 2.04 1.34 
Bearing 1 0.070 0.075 0.087 
Bearing 2 0.070 0.076 0.088 
Bearing 3 0.069 0.073 0.093 
Maximum shear 
deformation (m) 




Table 6.27 Maximum seismic force demand – SSSS input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.10×106 2.44×106 3.91×106 
Shear force (Vy) 3.57×106 3.60×106 3.76×106 
 
Deck 
Moment (My) 3.11×107 3.11×107 3.13×107 
Axial force (N) 4.80×106 4.82×106 4.86×106 
Shear force (Vx) 1.26×106 1.27×106 1.29×106 
 
1 
Moment (My) 7.46×106 7.49×106 7.62×106 
Axial force (N) 4.06×106 4.04×106 4.46×106 
Shear force (Vx) 1.26×106 1.27×106 1.30×106 
 
2 
Moment (My) 7.46×106 7.49×106 7.62×106 
Axial force (N) 4.02×106 4.10×106 4.24×106 
Shear force (Vx) 1.26×106 1.27×106 1.25×106 
 
3 
Moment (My) 7.47×106 7.50×106 7.41×106 
Axial force (N) 4.87×106 4.78×106 4.87×106 











Moment (My) 7.46×106 7.50×106 7.41×106 
1 Shear force 1.41×105 1.46×105 1.55×105 
2 Shear force 1.41×105 1.46×105 1.56×105 
3 Shear force 1.40×105 1.44×105 1.60×105 
 
Bearing 
4 Shear force 1.40×105 1.43×105 1.59×105 
1 Pounding force 0.94×106 0.54×106 2.25×106 
2 Pounding force 1.01×106 0.55×106 2.34×106 








Table 6.28 Maximum seismic displacement demand – SSSS input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.376 0.394 0.370 
Column 1  2.33 3.38 2.60 
Column 2  2.34 3.38 2.61 
Column 3  2.41 3.46 1.99 
Rotational ductility 
demand 
Column 4  2.41 3.45 1.97 
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Table 6.28 (continued) Maximum seismic displacement demand – SSSS input (4 in initial gaps) 
 
Bearing 1 0.080 0.101 0.094 
Bearing 2 0.081 0.101 0.095 
Bearing 3 0.081 0.101 0.119 
Maximum shear 
deformation (m) 




Table 6.29 Maximum seismic force demand – SSSS input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.31×106 1.32×106 2.05×106 
Shear force (Vy) 3.59×106 3.60×106 3.59×106 
 
Deck 
Moment (My) 3.11×107 3.14×107 3.09×107 
Axial force (N) 4.18×106 4.80×106 4.75×106 
Shear force (Vx) 1.27×106 1.29×106 1.27×106 
 
1 
Moment (My) 7.53×106 7.66×106 7.56×106 
Axial force (N) 4.05×106 4.05×106 4.25×106 
Shear force (Vx) 1.27×106 1.29×106 1.27×106 
 
2 
Moment (My) 7.53×106 7.66×106 7.56×106 
Axial force (N) 4.03×106 4.03×106 4.20×106 
Shear force (Vx) 1.27×106 1.30×106 1.27×106 
 
3 
Moment (My) 7.54×106 7.67×106 7.49×106 
Axial force (N) 4.78×106 4.83×106 4.83×106 











Moment (My) 7.54×106 7.67×106 7.48×106 
1 Shear force 1.48×105 1.65×105 1.58×105 
2 Shear force 1.48×105 1.66×105 1.58×105 
3 Shear force 1.48×105 1.66×105 1.77×105 
 
Bearing 
4 Shear force 1.48×105 1.65×105 1.76×105 
1 Pounding force 0 0 0 
2 Pounding force 0 0 0 








Table 6.30 Maximum seismic displacement demand – SSSS input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.377 0.398 0.370 
Column 1  2.37 3.51 2.58 
Column 2  2.38 3.52 2.59 
Column 3  2.45 3.59 2.44 
Rotational ductility 
demand 
Column 4  2.45 3.59 2.44 
Bearing 1 0.081 0.103 0.101 
Bearing 2 0.082 0.104 0.102 
Bearing 3 0.082 0.104 0.127 
Maximum shear 
deformation (m) 





Table 6.31 Maximum seismic force demand – SSSS input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.31×106 1.32×106 1.45×106 
Shear force (Vy) 3.60×106 3.60×106 3.58×106 
 
Deck 
Moment (My) 3.12×107 3.14×107 3.09×107 
Axial force (N) 4.78×106 4.79×106 4.71×106 
Shear force (Vx) 1.27×106 1.30×106 1.27×106 
 
1 
Moment (My) 7.54×106 7.68×106 7.56×106 
Axial force (N) 4.06×106 4.05×106 4.24×106 
Shear force (Vx) 1.27×106 1.30×106 1.27×106 
 
2 
Moment (My) 7.54×106 7.68×106 7.56×106 
Axial force (N) 4.04×106 4.03×106 4.28×106 
Shear force (Vx) 1.27×106 1.30×106 1.27×106 
 
3 
Moment (My) 7.55×106 7.69×106 7.54×106 
Axial force (N) 4.79×106 4.83×106 4.84×106 











Moment (My) 7.55×106 7.97×106 7.54×106 
1 Shear force 1.48×105 1.66×105 1.63×105 
2 Shear force 1.49×105 1.67×105 1.64×105 
3 Shear force 1.48×105 1.67×105 1.83×105 
 
Bearing 
4 Shear force 1.48×105 1.66×105 1.83×105 
1 Pounding force 0 0 0 
2 Pounding force 0 0 0 












Table 6.32 Maximum seismic displacement demand – HSSH input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.160 0.385 0.397 
Column 1  0.59 1.24 2.42 
Column 2  0.59 1.24 2.42 
Column 3  0.60 1.24 2.80 
Drift ratio (%) 
Column 4  0.59 1.24 2.79 
Bearing 1 0.032 0.067 0.224 
Bearing 2 0.033 0.067 0.224 
Bearing 3 0.033 0.067 0.239 
Maximum shear 
deformation (m) 










Table 6.33 Maximum seismic force demand – HSSH input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.98×106 3.16×106 4.31×106 
Shear force (Vy) 3.61×106 3.67×106 3.72×106 
 
Deck 
Moment (My) 2.72×107 3.14×107 3.38×107 
Axial force (N) 4.53×106 4.65×106 4.64×106 
Shear force (Vx) 0.80×106 1.30×106 1.43×106 
 
1 
Moment (My) 4.83×106 7.88×106 8.67×106 
Axial force (N) 4.09×106 4.17×106 4.23×106 
Shear force (Vx) 0.80×106 1.32×106 1.43×106 
 
2 
Moment (My) 4.84×106 7.99×106 8.70×106 
Axial force (N) 4.13×106 4.25×106 4.22×106 
Shear force (Vx) 0.82×106 1.31×106 1.46×106 
 
3 
Moment (My) 4.94×106 7.93×106 8.87×106 
Axial force (N) 4.54×106 4.73×106 4.86×106 









Moment (My) 5.08×106 8.20×106 9.05×106 
1 Shear force 0.81×105 1.39×105 2.58×105 
2 Shear force 0.81×105 1.39×105 2.58×105 
3 Shear force 0.81×105 1.38×105 2.69×105 
 
Bearing 
4 Shear force 0.81×105 1.39×105 2.68×105 
1 Pounding force 1.24×106 1.96×106 2.41×106 
2 Pounding force 1.30×106 2.03×106 2.41×106 








Table 6.34 Maximum seismic displacement demand – HSSH input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.164 0.383 0.373 
Column 1  0.67 1.38 1.58 
Column 2  0.67 1.38 1.57 
Column 3  0.67 1.38 1.94 
Drift ratio (%) 
Column 4  0.67 1.38 1.94 
Bearing 1 0.036 0.074 0.203 
Bearing 2 0.037 0.075 0.203 
Bearing 3 0.037 0.075 0.215 
Maximum shear 
deformation (m) 




Table 6.35 Maximum seismic force demand – HSSH input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 0.94×106 1.40×106 4.32×106 
Shear force (Vy) 3.61×106 3.65×106 3.95×106 
 
Deck 





Table 6.35 (continued) Maximum seismic force demand – HSSH input (2 in initial gaps) 
 
Axial force (N) 4.52×106 4.72×106 4.68×106 
Shear force (Vx) 0.90×106 1.34×106 1.35×106 
 
1 
Moment (My) 5.49×106 8.12×106 8.16×106 
Axial force (N) 4.07×106 4.19×106 4.21×106 
Shear force (Vx) 0.88×106 1.35×106 1.35×106 
 
2 
Moment (My) 5.35×106 8.16×106 8.24×106 
Axial force (N) 4.12×106 4.24×106 4.93×106 
Shear force (Vx) 0.90×106 1.33×106 1.38×106 
 
3 
Moment (My) 5.47×106 8.08×106 8.40×106 
Axial force (N) 4.55×106 4.81×106 5.12×106 









Moment (My) 5.60×106 8.32×106 8.65×106 
1 Shear force 0.92×105 1.44×105 2.42×105 
2 Shear force 0.93×105 1.45×105 2.42×105 
3 Shear force 0.93×105 1.45×105 2.50×105 
 
Bearing 
4 Shear force 0.92×105 1.44×105 2.50×105 
1 Pounding force 0 0.71×106 2.41×106 
2 Pounding force 0 0.78×106 2.41×106 








Table 6.36 Maximum seismic displacement demand – HSSH input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.166 0.383 0.370 
Column 1  0.69 1.40 1.51 
Column 2  0.69 1.40 1.51 
Column 3  0.70 1.41 1.35 
Drift ratio (%) 
Column 4  0.69 1.40 1.35 
Bearing 1 0.038 0.076 0.200 
Bearing 2 0.038 0.076 0.201 
Bearing 3 0.038 0.076 0.206 
Maximum shear 
deformation (m) 




Table 6.37 Maximum seismic force demand – HSSH input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 0.96×106 1.40×106 4.23×106 
Shear force (Vy) 3.61×106 3.66×106 3.95×106 
 
Deck 
Moment (My) 2.85×107 3.23×107 3.18×107 
Axial force (N) 4.54×106 4.74×106 4.79×106 
Shear force (Vx) 0.94×106 1.34×106 1.35×106 
 
1 
Moment (My) 5.72×106 8.16×106 8.15×106 
Axial force (N) 4.07×106 4.19×106 4.12×106 









Moment (My) 5.58×106 8.15×106 8.16×106 
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Table 6.37 (continued) Maximum seismic force demand – HSSH input (4 in initial gaps) 
 
Axial force (N) 4.12×106 4.24×106 4.84×106 
Shear force (Vx) 0.93×106 1.33×106 1.33×106 
 
3 
Moment (My) 5.61×106 8.08×106 8.08×106 
Axial force (N) 4.57×106 4.82×106 5.24×106 





Moment (My) 5.75×106 8.33×106 8.29×106 
1 Shear force 0.95×105 1.45×105 2.40×105 
2 Shear force 0.96×105 1.46×105 2.40×105 
3 Shear force 0.96×105 1.46×105 2.44×105 
 
Bearing 
4 Shear force 0.95×105 1.45×105 2.44×105 
1 Pounding force 0 0 2.41×106 
2 Pounding force 0 0 2.41×106 








Table 6.38 Maximum seismic displacement demand – HSSH input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.167 0.384 0.374 
Column 1  0.71 1.42 1.52 
Column 2  0.71 1.42 1.53 
Column 3  0.71 1.42 1.34 
Drift ratio (%) 
Column 4  0.70 1.42 1.34 
Bearing 1 0.038 0.076 0.204 
Bearing 2 0.038 0.077 0.204 
Bearing 3 0.039 0.077 0.205 
Maximum shear 
deformation (m) 




Table 6.39 Maximum seismic force demand – HSSH input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 0.98×106 1.41×106 3.40×106 
Shear force (Vy) 3.61×106 3.66×106 3.87×106 
 
Deck 
Moment (My) 2.86×107 3.24×107 3.18×107 
Axial force (N) 4.55×106 4.74×106 4.70×106 
Shear force (Vx) 0.96×106 1.35×106 1.35×106 
 
1 
Moment (My) 5.84×106 8.18×106 8.16×106 
Axial force (N) 4.07×106 4.19×106 4.06×106 
Shear force (Vx) 0.94×106 1.34×106 1.36×106 
 
2 
Moment (My) 5.70×106 8.14×106 8.17×106 
Axial force (N) 4.12×106 4.24×106 4.82×106 














Table 6.39 (continued) Maximum seismic force demand – HSSH input (6 in initial gaps) 
 
Axial force (N) 4.57×106 4.82×106 5.31×106 
Shear force (Vx) 0.96×106 1.38×106 1.37×106  
 
4 
Moment (My) 5.83×106 8.33×106 8.30×106 
1 Shear force 0.97×105 1.46×105 2.42×105 
2 Shear force 0.97×105 1.46×105 2.42×105 
3 Shear force 0.97×105 1.46×105 2.43×105 
 
Bearing 
4 Shear force 0.97×105 1.46×105 2.43×105 
1 Pounding force 0 0 1.95×106 
2 Pounding force 0 0 2.02×106 








Table 6.40 Maximum seismic displacement demand – MSSM input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.246 0.406 0.355 
Column 1  1.16 1.06 1.63 
Column 2  1.16 1.05 1.63 
Column 3  1.16 1.05 1.42 
Drift ratio (%) 
Column 4  1.16 1.06 1.42 
Bearing 1 0.063 0.057 0.181 
Bearing 2 0.063 0.056 0.181 
Bearing 3 0.063 0.056 0.159 
Maximum shear 
deformation (m) 




Table 6.41 Maximum seismic force demand – MSSM input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.48×106 3.18×106 4.34×106 
Shear force (Vy) 3.62×106 3.68×106 3.68×106 
 
Deck 
Moment (My) 3.09×107 3.08×107 3.19×107 
Axial force (N) 4.57×106 4.65×106 4.70×106 
Shear force (Vx) 1.29×106 1.23×106 1.35×106 
 
1 
Moment (My) 7.84×106 7.47×106 8.22×106 
Axial force (N) 4.04×106 4.22×106 4.15×106 
Shear force (Vx) 1.29×106 1.24×106 1.36×106 
 
2 
Moment (My) 7.87×106 7.53×106 8.25×106 
Axial force (N) 4.01×106 4.20×106 4.17×106 
Shear force (Vx) 1.27×106 1.23×106 1.33×106 
 
3 
Moment (My) 7.74×106 7.44×106 8.06×106 
Axial force (N) 4.81×106 4.74×106 4.84×106 















Table 6.41 (continued) Maximum seismic force demand – MSSM input (0 in initial gaps) 
 
1 Shear force 1.36×105 1.31×105 2.25×105 
2 Shear force 1.36×105 1.31×105 2.25×105 
3 Shear force 1.36×105 1.31×105 2.09×105 
 
Bearing 
4 Shear force 1.36×105 1.31×105 2.08×105 
1 Pounding force 1.56×106 1.96×106 2.41×106 
2 Pounding force 1.61×106 2.07×106 2.41×106 








Table 6.42 Maximum seismic displacement demand – MSSM input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.246 0.435 0.354 
Column 1  1.08 1.43 1.24 
Column 2  1.09 1.43 1.24 
Column 3  1.09 1.43 1.36 
Drift ratio (%) 
Column 4  1.09 1.43 1.36 
Bearing 1 0.059 0.077 0.169 
Bearing 2 0.059 0.077 0.170 
Bearing 3 0.059 0.077 0.159 
Maximum shear 
deformation (m) 




Table 6.43 Maximum seismic force demand – MSSM input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.33×106 1.50×106 4.28×106 
Shear force (Vy) 3.58×106 3.59×106 3.61×106 
 
Deck 
Moment (My) 3.18×107 3.17×107 3.19×107 
Axial force (N) 4.71×106 4.70×106 4.83×106 
Shear force (Vx) 1.26×106 1.37×106 1.37×106 
 
1 
Moment (My) 7.66×106 8.28×106 8.32×106 
Axial force (N) 4.02×106 4.08×106 4.21×106 
Shear force (Vx) 1.27×106 1.34×106 1.32×106 
 
2 
Moment (My) 7.73×106 8.10×106 8.05×106 
Axial force (N) 3.97×106 4.20×106 4.21×106 
Shear force (Vx) 1.27×106 1.34×106 1.36×106 
 
3 
Moment (My) 7.68×106 8.10×106 8.22×106 
Axial force (N) 4.79×106 4.80×106 4.79×106 









Moment (My) 7.93×106 8.31×106 8.22×106 
1 Shear force 1.33×105 1.47×105 2.16×105 
2 Shear force 1.33×105 1.46×105 2.16×105 
3 Shear force 1.33×105 1.46×105 2.09×105 
 
Bearing 





Table 6.43 (continued) Maximum seismic force demand – MSSM input (2 in initial gaps) 
 
1 Pounding force 1.38×106 0.91×106 1.96×106 
2 Pounding force 1.73×106 1.01×106 2.01×106 








Table 6.44 Maximum seismic displacement demand – MSSM input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.246 0.439 0.389 
Column 1  1.11 1.42 1.40 
Column 2  1.11 1.43 1.40 
Column 3  1.11 1.43 1.42 
Drift ratio (%) 
Column 4  1.11 1.42 1.42 
Bearing 1 0.060 0.077 0.180 
Bearing 2 0.061 0.077 0.180 
Bearing 3 0.061 0.077 0.159 
Maximum shear 
deformation (m) 




Table 6.45 Maximum seismic force demand – MSSM input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.34×106 1.42×106 3.35×106 
Shear force (Vy) 3.58×106 3.60×106 3.61×106 
 
Deck 
Moment (My) 3.20×107 3.16×107 3.14×107 
Axial force (N) 4.72×106 4.73×106 4.77×106 
Shear force (Vx) 1.28×106 1.38×106 1.34×106 
 
1 
Moment (My) 7.73×106 8.36×106 8.16×106 
Axial force (N) 4.02×106 4.08×106 4.19×106 
Shear force (Vx) 1.28×106 1.34×106 1.35×106 
 
2 
Moment (My) 7.80×106 8.12×106 8.17×106 
Axial force (N) 3.96×106 4.17×106 4.18×106 
Shear force (Vx) 1.28×106 1.36×106 1.36×106 
 
3 
Moment (My) 7.76×106 8.21×106 8.24×106 
Axial force (N) 4.80×106 4.73×106 4.77×106 









Moment (My) 8.01×106 8.17×106 8.19×106 
1 Shear force 1.34×105 1.46×105 2.24×105 
2 Shear force 1.34×105 1.47×105 2.24×105 
3 Shear force 1.34×105 1.47×105 2.08×105 
 
Bearing 
4 Shear force 1.34×105 1.46×105 2.08×105 
1 Pounding force 0 0 0.86×106 
2 Pounding force 0 0 0.91×106 









Table 6.46 Maximum seismic displacement demand – MSSM input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.247 0.440 0.409 
Column 1  1.12 1.46 1.27 
Column 2  1.13 1.47 1.27 
Column 3  1.13 1.46 1.39 
Drift ratio (%) 
Column 4  1.13 1.46 1.39 
Bearing 1 0.061 0.079 0.161 
Bearing 2 0.061 0.079 0.161 
Bearing 3 0.061 0.079 0.166 
Maximum shear 
deformation (m) 




Table 6.47 Maximum seismic force demand – MSSM input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.34×106 1.41×106 1.91×106 
Shear force (Vy) 3.58×106 3.61×106 3.62×106 
 
Deck 
Moment (My) 3.21×107 3.16×107 3.16×107 
Axial force (N) 4.73×106 4.74×106 4.81×106 
Shear force (Vx) 1.28×106 1.38×106 1.37×106 
 
1 
Moment (My) 7.78×106 8.36×106 8.32×106 
Axial force (N) 4.02×106 4.08×106 4.34×106 
Shear force (Vx) 1.29×106 1.35×106 1.32×106 
 
2 
Moment (My) 7.83×106 8.14×106 8.04×106 
Axial force (N) 3.96×106 4.18×106 4.19×106 
Shear force (Vx) 1.29×106 1.36×106 1.36×106 
 
3 
Moment (My) 7.80×106 8.21×106 8.23×106 
Axial force (N) 4.81×106 4.73×106 4.84×106 









Moment (My) 8.05×106 8.18×106 8.24×106 
1 Shear force 1.35×105 1.48×105 2.10×105 
2 Shear force 1.34×105 1.48×105 2.10×105 
3 Shear force 1.34×105 1.48×105 2.14×105 
 
Bearing 
4 Shear force 1.35×105 1.48×105 2.13×105 
1 Pounding force 0 0 0 
2 Pounding force 0 0 0 








Table 6.48 Maximum seismic displacement demand – SSSS input (0 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.354 0.358 0.350 
Column 1  1.17 1.28 1.47 
Column 2  1.17 1.28 1.46 
Column 3  1.17 1.28 1.44 
Drift ratio (%) 
Column 4  1.17 1.28 1.45 
 
 126
Table 6.48 (continued) Maximum seismic displacement demand – SSSS input (0 in initial gaps) 
 
Bearing 1 0.063 0.069 0.079 
Bearing 2 0.063 0.069 0.079 
Bearing 3 0.063 0.069 0.105 
Maximum shear 
deformation (m) 




Table 6.49 Maximum seismic force demand – SSSS input (0 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 2.67×106 2.40×106 3.91×106 
Shear force (Vy) 3.85×106 3.91×106 3.82×106 
 
Deck 
Moment (My) 3.12×107 3.13×107 3.17×107 
Axial force (N) 4.84×106 4.87×106 4.79×106 
Shear force (Vx) 1.28×106 1.32×106 1.33×106 
 
1 
Moment (My) 7.80×106 7.99×106 8.07×106 
Axial force (N) 4.48×106 4.52×106 4.37×106 
Shear force (Vx) 1.29×106 1.33×106 1.34×106 
 
2 
Moment (My) 7.86×106 8.05×106 8.13×106 
Axial force (N) 4.40×106 4.42×106 4.32×106 
Shear force (Vx) 1.29×106 1.32×106 1.33×106 
 
3 
Moment (My) 7.82×106 7.99×106 8.06×106 
Axial force (N) 4.86×106 4.89×106 4.80×106 









Moment (My) 8.08×106 8.26×106 8.30×106 
1 Shear force 1.36×105 1.40×105 1.48×105 
2 Shear force 1.36×105 1.40×105 1.48×105 
3 Shear force 1.36×105 1.40×105 1.67×105 
 
Bearing 
4 Shear force 1.36×105 1.40×105 1.67×105 
1 Pounding force 1.63×106 1.46×106 1.39×106 
2 Pounding force 1.73×106 1.55×106 1.45×106 








Table 6.50 Maximum seismic displacement demand – SSSS input (2 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.355 0.366 0.358 
Column 1  1.44 1.37 1.50 
Column 2  1.44 1.37 1.50 
Column 3  1.44 1.37 1.54 
Drift ratio (%) 
Column 4  1.44 1.37 1.54 
Bearing 1 0.078 0.074 0.103 
Bearing 2 0.078 0.074 0.104 
Bearing 3 0.078 0.074 0.129 
Maximum shear 
deformation (m) 





Table 6.51 Maximum seismic force demand – SSSS input (2 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.40×106 1.40×106 2.54×106 
Shear force (Vy) 3.74×106 3.79×106 3.72×106 
 
Deck 
Moment (My) 3.21×107 3.21×107 3.20×107 
Axial force (N) 4.67×106 4.75×106 4.68×106 
Shear force (Vx) 1.34×106 1.34×106 1.37×106 
 
1 
Moment (My) 8.11×106 8.13×106 8.22×106 
Axial force (N) 4.25×106 4.32×106 4.39×106 
Shear force (Vx) 1.34×106 1.35×106 1.36×106 
 
2 
Moment (My) 8.12×106 8.14×106 8.20×106 
Axial force (N) 4.19×106 4.23×106 4.38×106 
Shear force (Vx) 1.34×106 1.34×106 1.34×106 
 
3 
Moment (My) 8.09×106 8.09×106 8.14×106 
Axial force (N) 4.77×106 4.78×106 4.84×106 









Moment (My) 8.32×106 8.32×106 8.31×106 
1 Shear force 1.47×105 1.44×105 1.66×105 
2 Shear force 1.47×105 1.44×105 1.66×105 
3 Shear force 1.47×105 1.44×105 1.85×105 
 
Bearing 
4 Shear force 1.47×105 1.44×105 1.85×105 
1 Pounding force 0.71×106 0.68×106 1.03×106 
2 Pounding force 0.78×106 0.75×106 1.09×106 








Table 6.52 Maximum seismic displacement demand – SSSS input (4 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.359 0.365 0.359 
Column 1  1.49 1.40 1.48 
Column 2  1.49 1.40 1.48 
Column 3  1.50 1.40 1.58 
Drift ratio (%) 
Column 4  1.49 1.40 1.58 
Bearing 1 0.080 0.076 0.105 
Bearing 2 0.081 0.076 0.106 
Bearing 3 0.081 0.076 0.131 
Maximum shear 
deformation (m) 




Table 6.53 Maximum seismic force demand – SSSS input (4 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.40×106 1.40×106 1.43×106 
Shear force (Vy) 3.74×106 3.78×106 3.78×106 
 
Deck 





Table 6.53 (continued) Maximum seismic force demand – SSSS input (4 in initial gaps) 
 
Axial force (N) 4.64×106 4.73×106 4.69×106 
Shear force (Vx) 1.35×106 1.35×106 1.38×106 
 
1 
Moment (My) 8.17×106 8.16×106 8.32×106 
Axial force (N) 4.27×106 4.33×106 4.41×106 
Shear force (Vx) 1.34×106 1.34×106 1.35×106 
 
2 
Moment (My) 8.11×106 8.12×106 8.16×106 
Axial force (N) 4.18×106 4.23×106 4.41×106 
Shear force (Vx) 1.33×106 1.34×106 1.36×106 
 
3 
Moment (My) 8.08×106 8.09×106 8.18×106 
Axial force (N) 4.78×106 4.76×106 4.82×106 









Moment (My) 8.30×106 8.31×106 8.40×106 
1 Shear force 1.49×105 1.45×105 1.68×105 
2 Shear force 1.49×105 1.46×105 1.68×105 
3 Shear force 1.49×105 1.46×105 1.87×105 
 
Bearing 
4 Shear force 1.49×105 1.45×105 1.87×105 
1 Pounding force 0 0 0 
2 Pounding force 0 0 0 








Table 6.54 Maximum seismic displacement demand – SSSS input (6 in initial gaps) 
 
 BEST WORST SV 
Maximum deck displacement (m) 0.360 0.364 0.359 
Column 1  1.51 1.42 1.49 
Column 2  1.52 1.42 1.49 
Column 3  1.52 1.42 1.61 
Drift ratio (%) 
Column 4  1.51 1.42 1.61 
Bearing 1 0.082 0.077 0.107 
Bearing 2 0.082 0.077 0.107 
Bearing 3 0.082 0.077 0.132 
Maximum shear 
deformation (m) 




Table 6.55 Maximum seismic force demand – SSSS input (6 in initial gaps) 
 
 BEST WORST SV 
Axial force (N) 1.40×106 1.39×106 1.44×106 
Shear force (Vy) 3.74×106 3.78×106 3.79×106 
 
Deck 
Moment (My) 3.22×107 3.19×107 3.24×107 
Axial force (N) 4.64×106 4.73×106 4.69×106 
Shear force (Vx) 1.35×106 1.35×106 1.38×106 
 
1 
Moment (My) 8.17×106 8.17×106 8.32×106 
Axial force (N) 4.27×106 4.33×106 4.41×106 









Moment (My) 8.13×106 8.10×106 8.17×106 
 129
Table 6.55 (continued) Maximum seismic force demand – SSSS input (6 in initial gaps) 
 
Axial force (N) 4.18×106 4.24×106 4.42×106 
Shear force (Vx) 1.34×106 1.33×106 1.36×106 
 
3 
Moment (My) 8.09×106 8.08×106 8.21×106 
Axial force (N) 4.79×106 4.75×106 4.80×106 




Moment (My) 8.29×106 8.30×106 8.42×106 
1 Shear force 1.50×105 1.46×105 1.69×105 
2 Shear force 1.50×105 1.46×105 1.69×105 
3 Shear force 1.50×105 1.46×105 1.88×105 
 
Bearing 
4 Shear force 1.50×105 1.46×105 1.88×105 
1 Pounding force 0 0 0 
2 Pounding force 0 0 0 




4 Pounding force 0 0 0 
 
 
Similarly, the maximum seismic demand listed in the aforementioned tables, as a function of 
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(c1) Bearing no. 1 shear deformation 
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(c3) Bearing no. 3 shear deformation 
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(b1) Column no. 1 drift ratio 
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(j3) Pounding force of gap element no. 3 (j4) Pounding force of gap element no. 4 
Figure 6.7 Maximum response of bridge no. 4 under SSSS input – OPENSEES results 
 
6.4 Seismic damage behavior of pier columns  
 
As for bridge no. 1, the seismic damage behavior of pier columns of bridge no. 4 is also 
investigated herein using the results from DRAIN-3DX, as shown in Figs. B.31-B.33. It is noted that 
the damage indices were calculated for the upper ends of the bridge columns. 
Again, to be clearer, the contribution of irrecoverable monotonic deformation and hysteric energy to 
the damage index are plotted separately for each scenario, as shown in Figs. B.34-B.36. 
 
6.5 Discussion of the analysis results 
 
6.5.1 Linear analysis 
For the HSSH condition, similar to bridge no. 1, the peak value of the BEST case scenario time 
history (TH1 in Fig. 6.1 (i)) is much smaller that of the WORST case scenario (TH2 in Fig. 6.1 (i)); 
this is illustrated in Fig. B.1 and Tables 6.2-6.3. The bridge response induced by the WORST case 
scenario is smaller than that of the SV case scenario, e.g., the axial force demand of column no. 3 
predicted by the WORST case scenario is only 93% of that given by the SV case scenario. 
 154
For the MSSM condition, the differences of the peak values of the response for the three scenarios 
are much smaller than those for the HSSH condition (Fig. 6.1 (ii)). As a result, the differences 
between the results induced by the three scenarios are, in general, also much smaller than those 
for the HSSH condition (Fig. B.2; Tables 6.4–6.5). Unlike bridge no. 1, the WORST case scenario 
cannot predict a conservative seismic demand for the bridge, e.g., the axial force demand of 
column no. 3 predicted by the WORST case scenario is only 90% of that given by the SV case 
scenario, which gave the highest seismic demand among the three scenarios, and thus, should be 
used to obtain the seismic demand of the whole bridge. 
For the SSSS condition, the peak values of the three time histories are very close to each other (Fig. 
6.1 (iii)). Again, similar to the SSS condition of bridge no. 1, the results showed that the BEST and 
WORST case scenario can predict seismic demand close to that of the SV case scenario (Fig. B.3; 
Tables 6.6–6.7). The WORST case scenario still cannot always give a conservative seismic 
demand, e.g., the axial force demand of column no. 2 predicted by the WORST case scenario is 
only 87% of that given by the SV case scenario. 
The linear analysis results of bridge no. 4 subjected to the input scenarios show that the WORST 
case scenario cannot be used to predict the seismic demand for the bridge, and that the SV case 
scenario should be employed instead. 
 
6.5.2 Nonlinear analysis  
Similar to bridge no. 1, the nonlinear analysis results show that the fiber model (OPENSEES) and 
the plastic hinge model (DRAIN-3DX) can predict similar trend of the seismic response of the bridge 
(Figs. B.7 - B.30; Tables 6.8-6.55; Figs. 6.2-6.7); however, the difference of the seismic demand 
given the two models can be very large. 
For the HSSH condition, it is observed that the SV case scenario can predict the largest seismic 
demand for almost all the components of the bridge, and the response given by the SV case 
scenarios can be much larger than that by the WORST case scenarios (Figs. B.7-B.4; Figs. B.19-
B.22; Fig. 6.2; Fig. 6.5; Tables 7.8-7.15; Tables 6.32-6.39), e.g., for the rotational ductility demand 
of the upper end of column no.2, the SV case scenario predicted by DRAIN-3DX produced a value 
which is 166% larger than that given by the WORST case scenario for zero initial gaps; for the drift 
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ratio of column no.2, OPENSEES yielded a 95% higher result for the SV input motions than the 
WORST case scenario for zero initial gaps; for the shear force of column no.2, the SV case 
scenario predicted, respectively, 9% and 8% larger seismic demand than those of the WORST 
case scenario, using DRAIN-3DX and OPENSEES; the SV case scenario produced 49% and 209% 
higher maximum seismic demand for the axial force of the bridge deck than the WORST case 
scenario for 0.051-m (2-in) initial gaps, respectively, by DRAIN-3DX and OPENSEES; for the 
deformation of bearing no. 1, DRAIN-3DX and OPENSEES predicted 123% and 174% higher 
demand, respectively, for the SV case scenario than the WORST case scenario for 0.051-m (2-in) 
initial gaps; for the shear force of bearing no. 1, DRAIN-3DX and OPENSEES predicted, 
respectively, 50% and 68% higher response under the SV case scenario than the WORST case 
scenario for 0.051-m (2-in) initial gaps; no pounding force exists for the cases of 0.102-m (4-in) and 
0.152-m (6-in) initial gaps under the BEST and WORST case scenario inputs; however, it still exists 
for the SV case scenario at the ends of the bridge deck, thus, inducing much higher axial force 
demand for the deck of the bridge under the SV case scenario input. 
For the MSSM condition, the SV case scenario can also predict the largest seismic demand for 
almost all the bridge components. The difference between the response given by the SV case 
scenarios and that by the WORST case scenarios is typically smaller than that for the HSSH 
condition (Figs. B.11-B.14; Figs. B.23-B.26; Fig. 6.3; Fig. 6.6; Tables 6.16-6.23; Tables 6.40-6.47), 
e.g., for the rotational ductility demand of the upper end of column no.2, the SV case scenario 
predicted by DRAIN-3DX produced a 45% larger demand than the WORST case scenario for zero 
initial gaps; for the drift ratio of column no.2, OPENSEES produced a 55% higher result for the SV 
input motions than the WORST case scenario for zero initial gaps; for the shear force of column 
no.2, DRAIN-3DX and OPENSEES predicted, respectively, for the bridge subjected to the SV case 
scenario, 15% and 10% higher seismic demand than the WORST case scenario; the SV case 
scenario yielded 63% and 185% higher maximum seismic demand for the axial force of the bridge 
deck, respectively, than the WORST case scenario for 0.051-m (2-in) initial gaps by DRAIN-3DX 
and OPENSEES; for the deformation of bearing no. 1, DRAIN-3DX and OPENSEES yielded, 
respectively, 117% and 119% higher demand for the SV case scenario than the WORST case 
scenario for 0.051-m (2-in) initial gaps; for the shear force of bearing no. 1, DRAIN-3DX and 
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OPENSEES produced, respectively, 46% and 47% larger response for the SV case scenario than 
the WORST case scenario for 0.051-m (2-in) initial gaps; also, DRAIN-3DX and OPENSEES 
yielded much larger pounding forces for the bridge subjected to the spatially variable ground 
motions scenario than the identical excitations. 
Still, under the SSSS condition, the SV case scenario can yield the largest seismic demand almost 
for all the components of the bridge, though the differences between the response given by the SV 
case scenarios and that by the WORST case scenarios under SSSS condition are typically smaller 
than those of the MSSM condition (Figs. B.15-B.18; Figs. B.27-B.30; Fig. 6.4; Fig. 6.7; Tables 6.24-
6.31; Tables 6.48-6.55), e.g., again, for the rotational ductility demand of the upper end of column 
no.2, the SV case scenario predicted a value which is 111% larger than that given by the WORST 
case scenario for zero initial gaps using DRAIN-3DX; for the drift ratio of column no.2, OPENSEES 
yielded a 14% higher response for the SV input motions than the WORST case scenario for zero 
initial gaps; for the shear force of column no.2, the SV case scenario produced, respectively, 9% 
and 1% larger values than those of the WORST case scenario, using DRAIN-3DX and OPENSEES; 
the SV case scenario predicted 19% and 81% higher maximum seismic demand for the axial force 
of the bridge deck than the WORST case scenario for 0.051-m (2-in) initial gaps using DRAIN-3DX 
and OPENSEES, respectively; for the deformation of bearing no. 1, DRAIN-3DX and OPENSEES 
predicted 16% and 39% higher seismic demand, respectively, for the SV case scenario than the 
WORST case scenario for 0.051-m (2-in) initial gaps; for the shear force of bearing no. 1, DRAIN-
3DX and OPENSEES yielded, respectively, 6% and 15% larger response for the SV case scenario 
than the WORST case scenario for 0.051-m (2-in) initial gaps; the pounding forces at the ends of 
the bridges given by the spatially variable ground motions excitation are typically larger than the 
uniform motions. 
As to the nonlinear analysis of the skewed bridge subjected to the ground motion scenarios, the 
following conclusion can be reached: 
(1) the spatially variable ground motions can typically yield largest response of the bridge; the 
WORST case scenarios uniform excitation cannot always predict conservative seismic demand, 
and the BEST case scenarios yield, in general, smaller response than the other two;  
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(2) the response of the bridge components induced by the three scenarios typically become closer 
when the local soil conditions at the supports of the bridge changing from HSSH condition to MSSM 
condition, and then to SSSS condition; 
(3) generally, the differences in the seismic response of the bridge components, evaluated from the 
three scenarios, are becoming smaller when the initial gaps at the ends of the bridge become larger; 
(4) the seismic damage indices of the pier columns (Figs. B.31-B.33) show that the SV case 
scenario can, generally, induce more serious damage in the bridge columns when the initial size of 
the gaps at the ends of the bridge is zero; however, this is not the case for other conditions. The SV 
case scenario with the initial gaps of 0.051 m (2 in) can cause the most serious damage of the 
columns among all the scenarios analyzed under the SSSS condition (Fig. B.33); the degree of 
damage of all columns is very similar when the bridge is subjected to uniform excitations, but differs 
when spatially variable ground motions are utilized. 
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Chapter 7. Concluding Remarks and Future Study Recommendations 
 
7.1 Concluding remarks 
In reality, seismic ground motions differ at the supports of extended structures. The effect of 
spatially variable ground motions on the longitudinal seismic response of two reinforced concrete 
box girder highway bridges is examined in this study. The present results can be considered as a 
further effort for insight into this effect on the seismic response of bridges and for its future 
incorporation in the next generation of design codes. 
Linear and nonlinear finite element models for the two bridges were created using ANSYS, 
DRAIN-3DX, and OPENSEES for dynamic time history analyses. The bridge models were 
developed according to the recommendations of ATC-32 (ATC, 1996) and SDC (Seismic Design 
Criteria) of CALTRANS (2001). In the nonlinear models, both boundary nonlinearity and material 
nonlinearity were taken into consideration. Plastic hinge models and fiber element models were 
employed to simulate the inelastic behavior of the pier columns using DRAIN-3DX and 
OPENSEES, respectively. Translational and rotational soil springs were attached at the lower 
ends of the footing elements of the bridges to model the soil-structure interaction of each bent 
foundation. Three sets of ground motion time histories with different local soil conditions were 
selected for each bridge and three different types of excitations were considered for each set of 
the time histories. The spatially variable seismic ground motions (the SV case scenario) 
incorporate the effects of wave passage, loss of coherency and local soil conditions at the 
bridge’s supports. The seismic response of the two bridges subjected to spatially variable input 
motions was compared with that for two uniform ones: The time history with the largest peak 
displacement (the WORST case scenario) and the one with the smallest peak displacement (the 
BEST case scenario) were selected from the spatially variable ones; these were applied as 
uniform motions at the bridge supports. Parametric studies were conducted for different initial gap 
sizes between the ends of the bridge deck and the abutments of the bridges.  
It can be seen from this investigation that the major differences and the major similarities between 
the responses excited by spatially variable ground motions and identical ones are as follows: 
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● Differences 
Large differences were observed between the responses of the two bridges induced by the SV 
case scenario and the WORST case scenario, regarding the seismic axial force demand of the 
deck of the two bridges, the seismic pounding forces between the bridge deck and the abutments, 
and also the bearing seismic displacement and force demand. Additionally, observable 
differences exist for the seismic force and displacement demand of the pier columns when the 
gap size is zero. The BEST case scenario predicts typically much smaller seismic demand than 
the SV case and WORST case scenarios. These differences resulted from the relative effect of 
the quasi-static and dynamic contribution to the response: Generally, nonuniform excitations 
contribute very significantly to the quasi-static response of a structural system while reducing its 
dynamic response. On the other hand, identical support excitations do not excite any quasi-static 
response and consist solely of dynamic response contributions. This is also one of the major 
reasons of the difficulty in establishing identical motions that have the same effect on various 
structural systems as spatially variable ones. 
● Similarities 
The vertical shear force demand and moment demand (moment y-y) of the bridge deck induced 
by all three scenarios (WORST, BEST, and SV) are, generally, very close. This is because these 
responses are mainly dominated by the gravitational effect of the bridges’ superstructures and, 
since the stiffness of pier columns is much smaller than that of the superstructure, the effect of 
the input excitations may be mitigated by the deformation of these columns. The maximum 
seismic force demand of the pier columns induced by all three input scenarios is typically very 
close, though small differences exists, especially when the gap size is relatively large. The reason 
is, still probably, that the pier columns are ideal ductile components, and thus, the influence of 
quasi-static displacements is diminished by their inelastic deformation. On the other hand, the 
effect of the spatial variability of the seismic motions on the columns is manifested by the 
differences in the damage indices of the different bents. 
This study leads then to the following conclusions: 
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1. The spatially varying ground motions can greatly influence, either detrimentally or beneficially, 
the seismic response of highway bridges systems than the identical excitations, even for short 
bridges (e.g, for the bridges in this investigation) with a span length of about 30 m, in part due to 
the significant effect of quasi-static excitations.  
2. Uniform input motions, even the WORST case scenario, cannot always predict conservative 
seismic demand for the bridge components: They may significantly overestimate the responses 
for some components and underestimate the responses for others. In general, the BEST case 
scenario produces a smaller response than the other two scenarios. 
3. The use of a uniform response spectrum at all the supports of bridges without the 
consideration of the effect of spatial variability may yield unconservative seismic demand, and, 
thus, it should be avoided in the design of bridges. 
4. It can be seen from this study that many factors, including but not limited to, local soil 
conditions at different supports, degree of incoherency in the input motions, span length of the 
structural system, structural properties (e.g. structural configuration, natural frequencies, mode 
shapes, etc.), degree of structural redundancy, boundary conditions, and analysis method 
(linear/nonlinear analysis) may have substantial influence on the seismic response of bridges 
subjected to multiple support excitations. It is expected that, the stiffer the structural systems and 
the more different the soil conditions at their supports, the larger the effect of spatially variable 
ground motions on the response. 
5. Generally, linear analysis cannot produce reliable seismic demand of the bridges subjected to 
the selected ground motions, because the seismic demand induced exceeds the capacity of the 
pier columns. Sometime, linear analysis results can even be misleading: For example, for bridge 
no. 1 under the HSS and MSS conditions, according to the linear analysis, the WORST case 
scenario can predict a conservative seismic demand for this two-span bridge. However, the 
nonlinear analyses showed clearly that this is far from the case: The SV case scenario produces 
a much higher seismic demand than the WORST case scenario. One possible reason is that the 
contribution of the quasi-static displacements to the nonlinear response of the bridge subjected to 
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multiple support excitations is more significant, because additional boundary restraints are 
introduced at the abutments in the nonlinear finite element model.  
6. For the nonlinear analysis, DRAIN-3DX and OPENSEES can predict the same trend in the 
seismic response of the two bridge models; however, some of the resulting response quantities 
can be very different. The difference may be attributed to factors such as: (1) different mechanical 
models were used to simulate the nonlinear inelastic response of pier columns, i.e., in the 
DRAIN-3DX models (plastic hinge model), plastic deformation takes place only at a concentrated 
point; on the other hand, in the OPENSEES models (fiber element model), the spread of plasticity 
is allowed along the member and across its section, i.e., plastic deformation takes place in a 
limited zone; (2) different material models were employed in the two codes; when determining the 
properties of the rotational spring of the plastic hinge for the DRAIN-3DX model, Mander’s 
concrete model and USC-RC steel model were used, whereas in the OPENSEES fiber element 
model, the high-strain-rate Mander’s concrete model and a bilinearized steel model were adopted; 
(3) different damping properties of the finite element models were created using the two codes 
because of the aforementioned differences in the structural properties between the models. 
7. The seismic damage behavior of the pier columns of the two bridges was also investigated 
using damage indices. Results show that the degree of the seismic damage of the columns at 
different bents, even though the structural properties of the columns are similar, can be 
significantly different when spatially variable excitations are utilized, because of the different 
excitations underneath the columns; it is, however, similar when uniform motions are applied.  
8. Generally, the differences in the maximum seismic demand of the bridge components 
subjected to spatially variable ground motions and identical ones become smaller when the local 
soil conditions at their supports are becoming more uniform (e.g., for bridge no. 4, changing from 
HSSH conditions to MSSM and, then, to SSSS conditions). This is probably due to the fact that 
the ground motions are more similar (correlated) to each other, and, thus, the influence of the 
quasi-static displacements is smaller. 
9. In general, when the gap size between the bridge deck and the abutments increases, the 
differences between the maximum seismic demand of the bridge subjected to spatially variable 
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ground motions and identical ones become smaller.  This is probably because the degree of the 
structural redundancy of bridge systems decreases when the gap size is increasing from 0 in to 6 
in. 
10. Analysis results also show that the maximum deformation and the energy dissipated (related 
to their hysteretic response) of the bridge bearings are, generally, much larger when the bridges 
are subjected to the SV case scenarios than the uniform ones. Therefore, it is reasonable that the 
SV case scenarios may induce considerably higher damage potential for the bearings, especially 
when the initial gap size is relatively smaller, as discussed in the previous observation. 
11. Based on this study, the SV case scenarios, in general, induce much higher pounding forces 
between the bridge superstructure and the abutments for bridges with seat type abutments. 
Theoretically, it seems that the collision between bridge components may be mitigated by 
increasing the gap size between them, however, this is not applicable in practice since it may 
induce difficulties in design. Thus, diaphragm (monolithic) abutments, which are the best type to 
transfer large forces into the soil masses, or seat type abutments with additional energy 
dissipation devices such as various kinds of dampers can be adopted for short bridges whenever 
the effect of spatially variable ground motions may be significant.  
12. The study shows that the spatially variable ground motions may have substantial influence on 
the response of hinges and expansion joints in bridge systems. The properties of these 
components may also change the seismic demand of the whole system dramatically. Extra care 
should be taken while designing their properties and adjusting their layouts, especially for multi-
span bridges. Hinge retainers and dampers can be employed to limit the relative displacement 
and pounding force between the adjacent segments. 
13. In order to reduce the seismic demand of bridges, an extra careful evaluation of the whole 
structural system subjected to nonuniform excitations should be conducted for appropriate 
selection of frame geometry, mass and stiffness distribution, the connectivity of different 
components, structural redundancy, and the incorporation of structural control and energy 
dissipation devices. 
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14. When examining the failure of bridges after earthquakes, spatially variable ground motions 
should also be accounted for. Their consideration in the evaluation may result in highly different 
response of the structural components, and, most probably, will provide different point of view for 
the cause of structural damage. As this study suggests, different possible damage mechanisms 
are expected for bridges, especially multi-span ones, subjected to spatially variable ground 
motions than uniform ones. 
15. The use of uniform earthquake ground motions for the seismic design of long, extended 
structures, such as highway bridges, can be unconservative, even though the WORST case 
scenario is recommended as the conservative alternative for spatially variable excitations in the 
current US design considerations (ATC/MCEER, 2003). Currently, it is still difficult to establish a 
criterion to define uniform ground motions that can yield seismic demand comparable to the 
spatially variable ones. Hence, spatially variable ground motions should be applied as excitations 
at the bridge supports for their seismic design and retrofit. 
 
7.2 Future research recommendations 
Further investigations regarding this issue are still needed so that the effect of spatially variable 
ground motions can be quantified and incorporated into the future seismic design codes of 
bridges: 
1. In this study, the seismic analysis is limited only in the longitudinal direction of each bridge. 
To be more accurate and realistic, three dimensional spatially variable ground motions need to be 
generated for 3-D dynamic analysis of bridges. It is expected that more significant difference 
between the seismic responses of bridges subjected to nonuniform and identical excitations will 
be observed under this condition.   
2. More representative highway bridges with different configurations can be selected for both 
linear and nonlinear analysis to enrich the database of the seismic response of bridges subjected 
to spatially variable seismic ground motions. 
3. Experimental testing of bridges subjected to spatially variable seismic ground motions should 
be conducted so as to verify the numerical results. 
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4. Structural control and isolation devices may be incorporated into the bridge systems so as to 
decrease the seismic demand induced by spatially variable ground motions in seismic design and 
retrofit. The study of their effect on bridges subjected to spatially variable ground motions can be 
undertaken. 
5. The influence of the effect of soil-structure interaction cannot be neglected while investigating 
the effect of the spatial variation of ground motions on the seismic response of bridges. More 
elaborate soil-structure interaction evaluations including the effect of spatially variable seismic 
ground motions should be conducted. 
6. The finite element modeling of the nonlinear behavior of highway bridges may be further 
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Appendix A. Seismic Response of the Straight Highway Bridge 
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(a) Seismic force demand envelopes for bridge deck 
 





























































(b) Seismic force demand envelopes for column no. 1 
 





























































(c) Seismic force demand envelopes for column no. 2 
 
Figure A.1 Seismic force demand envelopes for bridge no. 1 under HSS input 
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(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
 





























































(c) Seismic force demand envelopes for column no. 2 
 
Figure A.2 Seismic force demand envelopes for bridge no. 1 under MSS input 
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(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
 





























































(c) Seismic force demand envelopes for column no. 2 
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Note: T-the top section; B-the bottom section. 
Figure A.4 Axial force–moment interaction diagram for columns of bridge no. 1 under HSS input 
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 Column no. 1 Column no. 2 
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Note: T-the top section; B-the bottom section. 
Figure A.5 Axial force–moment interaction diagram for columns of bridge no. 1 under MSS input 
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Note: T-the top section; B-the bottom section. 
Figure A.6 Axial force–moment interaction diagram for columns of bridge no. 1 under SSS input 
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(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
 














































































































































(d) Hysteric response of bearings – BEST case scenario 
 













































































(e) Hysteric response of bearings – WORST case scenario 
 













































































(f) Hysteric response of bearings – SV case scenario 
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(g) Time history response of bearings – BEST case scenario 
 













































































(h) Time history response of bearings – WORST case scenario 
 













































































(i) Time history response of bearings – SV case scenario 
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(j) Seismic response of gap elements – BEST case scenario 
 

































































(k) Seismic response of gap elements – WORST case scenario 
 

































































(l) Seismic response of gap elements – SV case scenario 
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(m) Hysteric response of plastic hinge elements – BEST case scenario 
 































































































































(n) Hysteric response of plastic hinge elements – WORST case scenario 
 































































































































(o) Hysteric response of plastic hinge elements – SV case scenario 
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(p) Time history response of plastic hinge elements – BEST case scenario 
 































































































































(q) Time history response of plastic hinge elements – WORST case scenario 
 































































































































(r) Time history response of plastic hinge elements – WORST case scenario 
 
Figure A.7 Seismic response for bridge no. 1 with 0 in initial gaps under HSS input 
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(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
 














































































































































(d) Hysteric response of bearings – BEST case scenario 
 













































































(e) Hysteric response of bearings – WORST case scenario 
 













































































(f) Hysteric response of bearings – SV case scenario 
 190













































































(g) Time history response of bearings – BEST case scenario 
 













































































(h) Time history response of bearings – WORST case scenario 
 













































































(i) Time history response of bearings – SV case scenario 
 191

































































(j) Seismic response of gap elements – BEST case scenario 
 

































































(k) Seismic response of gap elements – WORST case scenario 
 

































































(l) Seismic response of gap elements – SV case scenario 
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(m) Hysteric response of plastic hinge elements – BEST case scenario 
 































































































































(n) Hysteric response of plastic hinge elements – WORST case scenario 
 































































































































(o) Hysteric response of plastic hinge elements – SV case scenario 
 
 193































































































































(p) Time history response of plastic hinge elements – BEST case scenario 
 































































































































(q) Time history response of plastic hinge elements – WORST case scenario 
 































































































































(r) Time history response of plastic hinge elements – WORST case scenario 
 
Figure A.8 Seismic response for bridge no. 1 with 2 in initial gaps under HSS input 
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(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
 














































































































































(d) Hysteric response of bearings – BEST case scenario 
 













































































(e) Hysteric response of bearings – WORST case scenario 
 













































































(f) Hysteric response of bearings – SV case scenario 
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(g) Time history response of bearings – BEST case scenario 
 













































































(h) Time history response of bearings – WORST case scenario 
 













































































(i) Time history response of bearings – SV case scenario 
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(j) Seismic response of gap elements – BEST case scenario 
 

































































(k) Seismic response of gap elements – WORST case scenario 
 

































































(l) Seismic response of gap elements – SV case scenario 
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(m) Hysteric response of plastic hinge elements – BEST case scenario 
 































































































































(n) Hysteric response of plastic hinge elements – WORST case scenario 
 































































































































(o) Hysteric response of plastic hinge elements – SV case scenario 
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(p) Time history response of plastic hinge elements – BEST case scenario 
 































































































































(q) Time history response of plastic hinge elements – WORST case scenario 
 































































































































(r) Time history response of plastic hinge elements – WORST case scenario 
 
Figure A.9 Seismic response for bridge no. 1 with 4 in initial gaps under HSS input 
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(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
 














































































































































(d) Hysteric response of bearings – BEST case scenario 
 













































































(e) Hysteric response of bearings – WORST case scenario 
 













































































(f) Hysteric response of bearings – SV case scenario 
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(g) Time history response of bearings – BEST case scenario 
 













































































(h) Time history response of bearings – WORST case scenario 
 













































































(i) Time history response of bearings – SV case scenario 
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(j) Seismic response of gap elements – BEST case scenario 
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(l) Seismic response of gap elements – SV case scenario 
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(m) Hysteric response of plastic hinge elements – BEST case scenario 
 































































































































(n) Hysteric response of plastic hinge elements – WORST case scenario 
 































































































































(o) Hysteric response of plastic hinge elements – SV case scenario 
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Figure A.10 Seismic response for bridge no. 1 with 6 in initial gaps under HSS input 
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Figure A.11 Seismic response for bridge no. 1 with 0 in initial gaps under MSS input 
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Figure A.13 Seismic response for bridge no. 1 with 4 in initial gaps under MSS input 
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Figure A.14 Seismic response for bridge no. 1 with 6 in initial gaps under MSS input 
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Figure A.15 Seismic response for bridge no. 1 with 0 in initial gaps under SSS input 
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Figure A.16 Seismic response for bridge no. 1 with 2 in initial gaps under SSS input 
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Figure A.17 Seismic response for bridge no. 1 with 4 in initial gaps under SSS input 
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Figure A.18 Seismic response for bridge no. 1 with 6 in initial gaps under SSS input 
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Figure A.19 Seismic response for bridge no. 1 with 0 in initial gaps under HSS input 
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(m) Hysteric response of sections at the ends of pier columns – BEST case scenario 
 







































































































(n) Hysteric response of sections at the ends of pier columns – WORST case scenario 
 







































































































(o) Hysteric response of sections at the ends of pier columns – SV case scenario 
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(p) Time history response of sections at the ends of pier columns – BEST case scenario 
 







































































































(q) Time history response of sections at the ends of pier columns – WORST case scenario 
 







































































































(r) Time history response of sections at the ends of pier columns – SV case scenario 
 
Figure A.26 Seismic response for bridge no. 1 with 6 in initial gaps under MSS input 
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(a) Seismic force demand envelopes for bridge deck 
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(d) Hysteric response of bearings – BEST case scenario 
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(f) Hysteric response of bearings – SV case scenario 
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(m) Hysteric response of sections at the ends of pier columns – BEST case scenario 
 







































































































(n) Hysteric response of sections at the ends of pier columns – WORST case scenario 
 







































































































(o) Hysteric response of sections at the ends of pier columns – SV case scenario 
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(p) Time history response of sections at the ends of pier columns – BEST case scenario 
 







































































































(q) Time history response of sections at the ends of pier columns – WORST case scenario 
 







































































































(r) Time history response of sections at the ends of pier columns – SV case scenario 
 
Figure A.27 Seismic response for bridge no. 1 with 0 in initial gaps under SSS input 
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(a) Seismic force demand envelopes for bridge deck 
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(d) Hysteric response of bearings – BEST case scenario 
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(m) Hysteric response of sections at the ends of pier columns – BEST case scenario 
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(o) Hysteric response of sections at the ends of pier columns – SV case scenario 
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(p) Time history response of sections at the ends of pier columns – BEST case scenario 
 







































































































(q) Time history response of sections at the ends of pier columns – WORST case scenario 
 







































































































(r) Time history response of sections at the ends of pier columns – SV case scenario 
 
Figure A.28 Seismic response for bridge no. 1 with 2 in initial gaps under SSS input 
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(a) Seismic force demand envelopes for bridge deck 
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(d) Hysteric response of bearings – BEST case scenario 
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(l) Seismic response of gap elements – SV case scenario 
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(m) Hysteric response of sections at the ends of pier columns – BEST case scenario 
 







































































































(n) Hysteric response of sections at the ends of pier columns – WORST case scenario 
 







































































































(o) Hysteric response of sections at the ends of pier columns – SV case scenario 
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(p) Time history response of sections at the ends of pier columns – BEST case scenario 
 







































































































(q) Time history response of sections at the ends of pier columns – WORST case scenario 
 







































































































(r) Time history response of sections at the ends of pier columns – SV case scenario 
 
Figure A.29 Seismic response for bridge no. 1 with 4 in initial gaps under SSS input 
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(a) Seismic force demand envelopes for bridge deck 
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(d) Hysteric response of bearings – BEST case scenario 
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(l) Seismic response of gap elements – SV case scenario 
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(m) Hysteric response of sections at the ends of pier columns – BEST case scenario 
 







































































































(n) Hysteric response of sections at the ends of pier columns – WORST case scenario 
 







































































































(o) Hysteric response of sections at the ends of pier columns – SV case scenario 
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(p) Time history response of sections at the ends of pier columns – BEST case scenario 
 







































































































(q) Time history response of sections at the ends of pier columns – WORST case scenario 
 







































































































(r) Time history response of sections at the ends of pier columns – SV case scenario 
 
Figure A.30 Seismic response for bridge no. 1 with 6 in initial gaps under SSS input 
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Figure A.31 Seismic damage index of pier columns of bridge no. 1 – HSS input 
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(d) Initial gaps= 6 in 
 
Figure A.32 Seismic damage index of pier columns of bridge no. 1 – MSS input 
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Figure A.33 Seismic damage index of pier columns of bridge no. 1 – SSS input 
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(1) Monotonic loading contribution to the damage index 
 
 










































































































(2) Hysteric energy contribution to the damage index 
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(2) Hysteric energy contribution to the damage index 
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(1) Monotonic loading contribution to the damage index 
 









































































































(2) Hysteric energy contribution to the damage index 
 
 (c) Initial gaps= 4 in 
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(1) Monotonic loading contribution to the damage index 









































































































(2) Hysteric energy contribution to the damage index 
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Figure A.34 Seismic damage index of pier columns of bridge no. 1 – HSS input 
 
 









































































































(1) Monotonic loading contribution to the damage index 
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(2) Hysteric energy contribution to the damage index 
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(1) Monotonic loading contribution to the damage index 
 









































































































(2) Hysteric energy contribution to the damage index 
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(1) Monotonic loading contribution to the damage index 









































































































(2) Hysteric energy contribution to the damage index 
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(1) Monotonic loading contribution to the damage index 
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(2) Hysteric energy contribution to the damage index 
 
(d) Initial gaps= 6 in 
 
Figure A.35 Seismic damage index of pier columns of bridge no. 1 – MSS input 
 









































































































(1) Monotonic loading contribution to the damage index 









































































































(2) Hysteric energy contribution to the damage index 
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(1) Monotonic loading contribution to the damage index 









































































































(2) Hysteric energy contribution to the damage index 
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(1) Monotonic loading contribution to the damage index 
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(2) Hysteric energy contribution to the damage index 
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(1) Monotonic loading contribution to the damage index 









































































































(2) Hysteric energy contribution to the damage index 
 
(d) Initial gaps= 6 in 
 










Appendix B. Seismic Response of the Skewed Highway Bridge  
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(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
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Figure B.1 Seismic force demand envelopes for bridge no. 4 under HSSH input 
 
 




































































(a) Seismic force demand envelopes for bridge deck 
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(b) Seismic force demand envelopes for column no. 1 
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Figure B.2 Seismic force demand envelopes for bridge no. 4 under MSSM input 
 
 




































































(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
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Figure B.6 Axial force–moment interaction diagram for columns of bridge no. 4 under SSSS input 
 
 





































































(a) Seismic force demand envelopes for bridge deck 
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(b) Seismic force demand envelopes for column no. 1 
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(d) Seismic force demand envelopes for column no. 3 
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(f) Hysteric response of bearings – BEST case scenario 
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(t) Time history response of plastic hinge elements – WORST case scenario 
 
Figure B.7 Seismic response for bridge no. 4 with 0 in initial gaps under HSSH input  
 
 





































































(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
 355
 


























































(c) Seismic force demand envelopes for column no. 2 
 


























































(d) Seismic force demand envelopes for column no. 3 
 






































































































































(f) Hysteric response of bearings – BEST case scenario 
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(t) Time history response of plastic hinge elements – WORST case scenario 
 
Figure B.8 Seismic response for bridge no. 4 with 2 in initial gaps under HSSH input  
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(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
 























































(c) Seismic force demand envelopes for column no. 2 
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(d) Seismic force demand envelopes for column no. 3 
 


























































(e) Seismic force demand envelopes for column no. 4 
 





































































(f) Hysteric response of bearings – BEST case scenario 
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(t) Time history response of plastic hinge elements – WORST case scenario 
 
Figure B.9 Seismic response for bridge no. 4 with 4 in initial gaps under HSSH input  
 





































































(a) Seismic force demand envelopes for bridge deck 
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(b) Seismic force demand envelopes for column no. 1 
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(d) Seismic force demand envelopes for column no. 3 
 
 369
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(t) Time history response of plastic hinge elements – WORST case scenario 
 
Figure B.10 Seismic response for bridge no. 4 with 6 in initial gaps under HSSH input  
 
 





































































(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
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(t) Time history response of plastic hinge elements – WORST case scenario 
 
Figure B.11 Seismic response for bridge no. 4 with 0 in initial gaps under MSSM input  
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(a) Seismic force demand envelopes for bridge deck 
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(f) Hysteric response of bearings – BEST case scenario 
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Figure B.12 Seismic response for bridge no. 4 with 2 in initial gaps under MSSM input  
 





































































(a) Seismic force demand envelopes for bridge deck 
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(t) Time history response of plastic hinge elements – SV case scenario 
 
Figure B.13 Seismic response for bridge no. 4 with 4 in initial gaps under MSSM input  
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Figure B.14 Seismic response for bridge no. 4 with 6 in initial gaps under MSSM input  
 401
 





































































(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
 























































(c) Seismic force demand envelopes for column no. 2 
 
 402


























































(d) Seismic force demand envelopes for column no. 3 
 


























































(e) Seismic force demand envelopes for column no. 4 
 





































































(f) Hysteric response of bearings – BEST case scenario 
 
 403





































































(g) Hysteric response of bearings – WORST case scenario 
 





































































(h) Hysteric response of bearings – SV case scenario 





































































(i) Time history response of bearings – BEST case scenario 
 
 404





































































(j) Time history response of bearings – WORST case scenario 
 





































































(k) Time history response of bearings – SV case scenario 

























































(l) Seismic response of gap elements – BEST case scenario 
 
 405

























































(m) Seismic response of gap elements – WORST case scenario 
 

























































(n) Seismic response of gap elements – SV case scenario 





































































(o) Hysteric response of plastic hinge elements – BEST case scenario 
 
 406





































































(p) Hysteric response of plastic hinge elements – WORST case scenario 
 





































































(q) Hysteric response of plastic hinge elements – SV case scenario 
 





































































(r) Time history response of plastic hinge elements – BEST case scenario 
 
 407





































































(s) Time history response of plastic hinge elements – WORST case scenario 
 





































































(t) Time history response of plastic hinge elements – SV case scenario 
 
Figure B.15 Seismic response for bridge no. 4 with 0 in initial gaps under SSSS input  
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Figure B.16 Seismic response for bridge no. 4 with 2 in initial gaps under SSSS input 
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Figure B.17 Seismic response for bridge no. 4 with 4 in initial gaps under SSSS input  
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Figure B.18 Seismic response for bridge no. 4 with 6 in initial gaps under SSSS input  
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Figure B.19 Seismic response for bridge no. 4 with 0 in initial gaps under HSSH input  
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Figure B.20 Seismic response for bridge no. 4 with 2 in initial gaps under HSSH input  
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Figure B.21 Seismic response for bridge no. 4 with 4 in initial gaps under HSSH input  
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Figure B.22 Seismic response for bridge no. 4 with 6 in initial gaps under HSSH input  
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Figure B.23 Seismic response for bridge no. 4 with 0 in initial gaps under MSSM input  
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Figure B.24 Seismic response for bridge no. 4 with 2 in initial gaps under MSSM input  
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Figure B.25 Seismic response for bridge no. 4 with 4 in initial gaps under MSSM input  
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Figure B.26 Seismic response for bridge no. 4 with 6 in initial gaps under MSSM input  
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(o) Hysteric response of the section at the top of pier columns – BEST case scenario 
 





































































(p) Hysteric response of the section at the top of pier columns – WORST case scenario 
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(q) Hysteric response of the section at the top of pier columns – SV case scenario 
 





































































(r) Time history response of the section at the top of pier columns – BEST case scenario 
 





































































(s) Time history response of the section at the top of pier columns – WORST case scenario 
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(t) Time history response of the section at the top of pier columns – SV case scenario 
 
Figure B.28 Seismic response for bridge no. 4 with 2 in initial gaps under SSSS input  
 
 




































































(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
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(c) Seismic force demand envelopes for column no. 2 
 


























































(d) Seismic force demand envelopes for column no. 3 
 


























































(e) Seismic force demand envelopes for column no. 4 
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(f) Hysteric response of bearings – BEST case scenario 
 





































































(g) Hysteric response of bearings – WORST case scenario 
 





































































(h) Hysteric response of bearings – SV case scenario 
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(i) Time history response of bearings – BEST case scenario 
 





































































(j) Time history response of bearings – WORST case scenario 
 





































































(k) Time history response of bearings – SV case scenario 
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(l) Seismic response of gap elements – BEST case scenario 
 

































































(m) Seismic response of gap elements – WORST case scenario 
 

































































(n) Seismic response of gap elements – SV case scenario 
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(o) Hysteric response of the section at the top of pier columns – BEST case scenario 
 





































































(p) Hysteric response of the section at the top of pier columns – WORST case scenario 
 





































































(q) Hysteric response of the section at the top of pier columns – SV case scenario 
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(r) Time history response of the section at the top of pier columns – BEST case scenario 
 





































































(s) Time history response of the section at the top of pier columns – WORST case scenario 
 





































































(t) Time history response of the section at the top of pier columns – SV case scenario 
 
Figure B.29 Seismic response for bridge no. 4 with 4 in initial gaps under SSSS input  
 501
 




































































(a) Seismic force demand envelopes for bridge deck 
 


























































(b) Seismic force demand envelopes for column no. 1 
 


























































(c) Seismic force demand envelopes for column no. 2 
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(d) Seismic force demand envelopes for column no. 3 
 


























































(e) Seismic force demand envelopes for column no. 4 
 





































































(f) Hysteric response of bearings – BEST case scenario 
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(g) Hysteric response of bearings – WORST case scenario 
 





































































(h) Hysteric response of bearings – SV case scenario 
 





































































(i) Time history response of bearings – BEST case scenario 
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(j) Time history response of bearings – WORST case scenario 
 





































































(k) Time history response of bearings – SV case scenario 
 

































































(l) Seismic response of gap elements – BEST case scenario 
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(m) Seismic response of gap elements – WORST case scenario 
 

































































(n) Seismic response of gap elements – SV case scenario 
 





































































(o) Hysteric response of the section at the top of pier columns – BEST case scenario 
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(p) Hysteric response of the section at the top of pier columns – WORST case scenario 
 





































































(q) Hysteric response of the section at the top of pier columns – SV case scenario 
 





































































(r) Time history response of the section at the top of pier columns – BEST case scenario 
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(s) Time history response of the section at the top of pier columns – WORST case scenario 
 





































































(t) Time history response of the section at the top of pier columns – SV case scenario 
 
Figure B.30 Seismic response for bridge no. 4 with 6 in initial gaps under SSSS input 
 
 









































































































(a) Initial gaps= 0 in 
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(b) Initial gaps= 2 in 
 









































































































(c) Initial gaps= 4 in 
 









































































































(d) Initial gaps= 6 in 
 













































































































(a) Initial gaps= 0 in 
 









































































































(b) Initial gaps= 2 in 
 









































































































(c) Initial gaps= 4 in 
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(d) Initial gaps= 6 in 
 
Figure B.32 Seismic damage index of pier columns of bridge no. 4 – MSSM input 
 
 









































































































(a) Initial gaps= 0 in 
 









































































































(b) Initial gaps= 2 in 
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(c) Initial gaps= 4 in 
 









































































































(d) Initial gaps= 6 in 
 
Figure B.33 Seismic damage index of pier columns of bridge no. 4 – SSSS input 
 
 






















































































































































































































(2) Hysteric energy contribution to damage index 
 
(a) Initial gaps= 0 in 
 









































































































(1) Irrecoverable monotonic deformation contribution to damage index 
  









































































































(2) Hysteric energy contribution to damage index 
 
(b) Initial gaps= 2 in 
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(1) Irrecoverable monotonic deformation contribution to damage index 
 
 









































































































(2) Hysteric energy contribution to damage index 
 
 (c) Initial gaps= 4 in 
 









































































































(1) Irrecoverable monotonic deformation contribution to damage index 
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(2) Hysteric energy contribution to damage index 
 
(d) Initial gaps= 6 in 
 
Figure B.34 Seismic damage index of pier columns of bridge no. 4 – HSSH input 
 









































































































(1) Irrecoverable monotonic deformation contribution to damage index 
 









































































































(2) Hysteric energy contribution to damage index 
 
(a) Initial gaps= 0 in 
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(1) Irrecoverable monotonic deformation contribution to damage index 
 









































































































(2) Hysteric energy contribution to damage index 
 
(b) Initial gaps= 2 in 
 









































































































(1) Irrecoverable monotonic deformation contribution to damage index 
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(2) Hysteric energy contribution to damage index 
 
(c) Initial gaps= 4 in 
 









































































































(1) Irrecoverable monotonic deformation contribution to damage index 









































































































(2) Hysteric energy contribution to damage index 
 
(d) Initial gaps= 6 in 
 













































































































(1) Irrecoverable monotonic deformation contribution to damage index 
 









































































































(2) Hysteric energy contribution to damage index 
 
(a) Initial gaps= 0 in 
 









































































































(1) Irrecoverable monotonic deformation contribution to damage index 
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(2) Hysteric energy contribution to damage index 
 
(b) Initial gaps= 2 in 
 









































































































(1) Irrecoverable monotonic deformation contribution to damage index 
 









































































































(2) Hysteric energy contribution to damage index 
 
(c) Initial gaps= 4 in 
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(1) Irrecoverable monotonic deformation contribution to damage index 
 









































































































(2) Hysteric energy contribution to damage index 
 
(d) Initial gaps= 6 in 
 












Ph.D. in Structural Engineering, Drexel University, USA, 2006 
M.S. in Structural Engineering, Tsinghua University, China, 1998 
B.E. in Civil Engineering, Hebei Architectural and Civil Engineering Institute, China, 1995 
 
Research Interests 
Linear and nonlinear structural dynamic analysis of bridges and buildings, finite element modeling 
and simulation  
 
Selected Publications 
1. Lou, L., and Zerva, A. (2005). “Effects of Spatially Variable Ground Motions on the Seismic 
Response of a Multi-Span Bridge”, Soil Dynamics and Earthquake Engineering, Vol. 25, No. 7-10, 
pp. 729-740. 
 
2. Lou, L., and Zerva, A. (2005), “Influence of Spatial Variation of Ground Motions on the 
Nonlinear Response of a Multi-Span Bridge”, Proc. 4th European Workshop on the Seismic 
Behaviour of Irregular and Complex Structures, Thessaloniki, Greece. 
 
3. Lou, L., Zerva, A., and Deodatis, G. (2002). “Seismic Response of Bridge Models to Spatially 
Variable Multiple Support Excitations”, Proc. 5th European Conference on Structural Dynamics 
(EURODYN 2002), Munich, Germany. 
 
4. Qin, Q., and Lou, L. (2000), “Influence of Non-Classical Damping on the Seismic Response of 




Professional Licenses and Affiliations  
EIT (Engineer in Training), the State of Ohio, 2004 
 
American Society of Civil Engineers (ASCE)  
 
